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CHAPTER  I.  INTRODUCTION 
Background 

The  sol-gel  process  was  developed  In  the  early  1960 's  by  a 
research  group  at  the  British  Atomic  Energy  Research  Establishment  at 
Harwell,  England  [1].  It  has  been  used  for  making  protective  films 
for  heat  engine  materials  [2],  for  the  preparation  of  microspheres 
(500-1000/jm  in  diameter)  for  uranium  carbide  fuels  used  in  nuclear 
reactors  [3],  for  making  catalysts  and  catalyst  supports  [4,5]  and  for 
making  anti-reflective  coatings  [6].  The  sol-gel  process  for  making 
glasses  and  ceramics  is  presently  an  area  of  intense  research  activity 
[7],  While  many  sol-gel  procedures  are  available  for  preparing 
materials  ranging  from  thin  films  of  glass  to  monolithic  ceramic 
bodies,  the  factors  controlling  the  properties  of  the  final  product 
are  only  partially  understood.  In  particular,  the  colloidal  phenomena 
associated  with  sol-gel  systems  have  only  recently  been  systematically 
investigated  [8,31,68,69]. 

Sol-gel  processing  has  been  studied  intensely  because  it  provides 
a  way  to  "grow"  ceramic  polymers  in  solution  at  room  temperature, 
shape  them  by  casting,  film  formation,  or  fiber  drawing,  and 
consolidate  them  to  dense  glasses  or  polycrystalline  ceramics  at 
temperatures  often  less  than  half  the  conventional  processing 
temperature  (Figure  1.1)  [7].  There  are  several  advantages  to  low 
temperature  processing.  For  example,  energy  requirements  are  reduced 
as  are  impurities  (due  to  containerless  processing  and  the  use  of 
higher  purity  distillable  precursors).    More   importantly.    low 

1 


Ordarad  Array*  of 
Uniform  Particles 

Structural  Caramlcs  ^ 


X.rog.l  Film  ( »" 

_i      I  Svnsor 
Co»unfl.  !  catalytlo 
H..t  Dl.l.et.le 

iProtactIM 


-77T7777T 

Dans*  Q'»«»  fii™ 


Olaaa  C*r*mlc*  \ 
S**IHifl  Oil"**  I 
Catalyst  tapporta  >  OI**s** 
*lb*f  Optlo  Praforma  I 
Contoiiad  Por*  Qtaaaaa )  Dry 

Htat 


X*rog«l 


D 


D«n««  G!»t» 


Figure 


1.1. 


t  fKo  sol-eel  process  for 
Schematic  of  the  »01  gex  V 
nreparing  glasses  and  ceramics  I  ) 


preparing 


temperature  processing  allows  the  synthesis  of  thermodynamically 
unstable  materials  which  typically  are  difficult  to  obtain  by 
conventional  high  temperature  processing  [7].  Examples  of  these 
materials  include  the  avoidance  of  phase  separation  [9]  and 
crystallization  [10]  in  binary  silicate  glasses,  the  synthesis  of  high 
surface  area  substrates  and  films  [111,  and  the  formation  of 
thermodynamically  unstable  oxynitride  glasses  [12]. 

Before  proceeding  further  several  terms  need  to  be  defined.  The 
term  "gel"  will  be  used  to  describe  coherent  fluid/solid  colloidal 
systems  having  at  least  two  components.  All  of  the  components  are 
dispersed  continuously  throughout  the  system.  Colloids  are  small 
particles  with  at  least  one  dimension  on  the  order  of  a  few  microns  or 
less.  Sols  are  liquid  colloidal  dispersions  in  which  settling  of  the 
colloidal  particles  does  not  occur  on  a  pratical  time  scale.  Gels 
form  when  the  colloid  (dispersed  phase)  combines  with  the  fluid 
(continuous  phase)  to  produce  a  network.  The  gel,  as  a  whole,  has 
mechanical  properties  similar  to  those  of  an  elastomeric  solid.  The 
dispersion  medium  will  be  referred  to  as  the  "solvent".  The  term 
"lyogel"  will  be  used  specifically  for  those  gel  systems  which  have  a 
high  concentration  of  solvent.  Syneresis  is  the  spontaneous  exudation 
of  solvent  and  is  the  opposite  of  swelling. 

Sol-gel  methods  involve  three  main  parts:  gel  synthesis,  post- 
gelation  and  sintering  (Figure  1.2)  [13].  Gel  synthesis  may  proceed 
via  two  different  routes,  producing  either  polymeric  gels  or  colloidal 
gels.  The  colloidal  route  begins  with  the  preparation  of  the  sol.  As 
solvent  evaporates,  a  point  is  reached  when  interaction  between  the 
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double  layer  associated  with  each  particle  prevents  translator 
movement.   The  occurrence  of  this  non-fluid  state  indicates  a  gel  has 

formed. 

The  polymeric  path  begins  with  the  preparation  of  a  solution  of 
inorganic  monomers.  The  most  common  process  employs  metal  alkoxides 
of  network  forming  elements  (M(OR)x.  where  M  is  SI.  B,  Ti  ,  Al ,  etc. 
and  R  is  often  an  alkyl  group)  as  monomeric  precursors  [7] .  In 
alcohol/water  solutions  the  alkoxide  groups,  undergoing  hydrolysis, 
are  replaced  by  hydroxl  groups  (Reaction  1).  Usually  an  acid  or  base 
is  used  as  a  catalyst  for  these  hydrolysis  reactions.  Subsequently 
the  hydroxyl  groups  are  involved  in  condensation  reactions  that 
produce  polymeric  solution  species  comprised  of  -M-O-M-  linkages 
(Reactions  2  and  3)  [7] . 

H(OR)n  *  H20  %  (RO)n_tM  -  OH  +  ROH  (1) 

2(R0)n  XM  -  OH  H    (RO)n_tM  -  0  -  MfOR)^  ♦  H.,0  (2) 

(ROl^M  -  OH  ♦  M(0R)n  H  (RO)n.1M-0-M(OR)n_1  *  ROH  (3) 
It  should  be  noted  that,  while  Reactions  1-3  in  the  forward  direction 
are  usually  used  to  describe  the  sol-gel  process,  these  reactions  are 
reversible.  The  reverse  reaction  rates  depend  on  pH ,  temperature, 
water  and  solvent  concentrations,  as  well  as  the  connectivity  of  M 
within  the  polymer  [14,15]. 

Polymer  systems  can  be  broken  down  into  two  distinct  types.  In 
the  first  type,  Type  I  as  per  Yoldas  [36],  the  polymer  species  are 
formed  by  initial  polymerization  to  form  oligomers.  Evaporation  of 
solvent   leads  to  physical  entanglement  of  the  oligomers  and  a  gel  is 
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formed.  In  the  second  type,  Type  II  [36],  gelation  occurs  when  two 
polymer  species  randomly  collide  and,  via  hydrolysis  and  dehydration 
reactions,  are  joined  to  form  one  longer  polymer.  As  this 
polycondensation  continues,  the  polymers  crosslink  to  form  a  network 
which  spans  the  entire  solution  volume  [7].  At  the  gel  point, 
physical  properties  such  as  the  viscosity  and  the  elastic  modulus 
increase  abruptly.  The  solid  network  prevents  the  liquid  from  rapidly 
escaping  and  the  liquid  prevents  the  network  from  spontaneously 
collapsing  [16].  Gelation  is  of  interest  in  materials  technology 
because  it  provides  a  path  for  net  shape  processing.  The  sudden  rise 
in  viscosity  "freezes-in"  shapes  obtained  by  casting,  film  deposition, 
or  fiber  drawing  [7]. 

In  the  post-gelation  step,  the  gel  Is  rinsed  to  remove  volatile 
components.  Professor  John  Schlup's  research  group  at  Kansas  State 
University  is  the  only  group  to  incorporate  a  rinsing  step  into  the 
post-gelation  stage  for  borosilicate  lyogels  (8,  31,  68,  69). 
Although  there  is  a  small  volume  change  associated  with  rinsing,  the 
purpose  of  this  step  is  to  wash  away  unreacted  monomers  and  initiators 
as  well  as  solvent  and  reaction  by-products.  The  rinsed  gel  is  then 
dried  to  remove  the  rinsing  solution  (which  may  be  water).  Usually  it 
is  dried  either  by  slow  evaporation  in  a  convection  oven  (to  minimize 
the  internal  stresses  caused  by  the  volume  changes  on  drying  and  to 
minimize  capillary  forces  in  the  gel  pores),  by  supercritical  fluid 
extraction  in  an  autoclave,  or  by  freeze  drying.  The  dried  gels  are 
called  xerogels  and  aerogels,  respectively  (Figure  1.1).  Solvent 
evaporation   results   in  shrinkage  primarily  due  to  surface  tension. 


which  exerts  a  hydrostatic  compressive  stress  on  the  gel  proportional 
to  the  curvature  of  the  liquid-vapor  meniscus  [7].  As  the  drying  gel 
shrinks,  condensation  reactions  continue  as  reactive  terminal  groups 
meet,  causing  the  gel  to  become  more  restricted  and  stlffer.  The 
pores  are  only  partially  filled  with  water  and  liquid-vapor  interfaces 
develop  within  pores.  When  the  gel  is  rigid  enough  to  withstand  the 
compressive  capillary  stresses  that  accompany  drying,  further  water 
evaporation  creates  interconnected  porosity,  or  "mud  cracking",  within 
the  gel.  Supercritical  fluid  extraction  and  freeze  drying  eliminates 
liquid-vapor  interfaces,  which  greatly  reduces  the  drying  shrinkage 
[17].  The  final  step  in  the  sol-gel  method  for  preparing  ceramics  is 
sintering. 

Since  the  final  products  have  better  homogeneity  and  purity,  sol- 
gel  methods  are  suitable  for  making  specialty  ceramics.  However,  with 
the  high  cost  of  raw  materials,  it  is  unlikely  that  these  techniques 
can  be  competitive  for  conventional  glass  products  such  as  containers, 
flat  glass  and  common  fibers.  A  list  of  advantages  and  disadvantages 
of  the  sol-gel  methods  is  given  in  Table  1.1  [18].  Sol-gel  methods 
are  viable  when  the  advantages  gained  from  the  techniques  are  required 
and  the  resulting  high  value-added  product  can  be  made  at  a  profit. 

Prior  Related  Research 

The  major  disadvantage  of  the  sol-gel  method  is  the  large 
uncontrolled  shrinkage  of  the  gel  during  the  drying  and  sintering 
processes  [18].  For  many  previous  studies  when  the  final  product 
developed  cracks,  the  synthesis  conditions  were  changed  by  varying 
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Table  1.1.   Advantages  and  Disadvantages  of  the  Sol-Gel 
Method  over  Conventional  Melting  for  Glass  [18]. 

Advantages 


1.  Better  homogeneity  from  raw  materials. 

2.  Better  purity  from  raw  materials. 

3.  Lower  temperature  of  preparation: 

(a)  save  energy; 

(b)  minimize  evaporation  losses; 

(c)  minimize  air  pollution; 

(d)  no  reactions  with  containers,  thus  higher  purity; 

(e)  bypass  phase  separation; 

(f)  bypass  crystallization. 

4.  New  noncrystalline  solids  outside  the  range  of  normal 
glass  formation. 

5.  New  crystalline  phases  from  new  noncrystalline  solids. 

6.  Better  glass  products  from  special  properties  of  gel. 

7.  Special  products  such  as  films. 


Disadvantages 


1.  High  cost  of  raw  materials. 

2.  Large  shrinkage  during  processing. 

3.  Residual  fine  pores. 

4.  Residual  hydroxl  groups. 

5.  Residual  carbon. 

6.  Health  hazards  of  organic  solutions. 

7.  Long  processing  times. 


reactant  concentrations,  solvents  or  other  parameters.  Few  attempts 
were  made  to  change  the  gel  once  it  was  formed.  The  research 
presented  in  this  thesis  is  a  continuation  of  the  work  done  by  Angel  1 
[8]  in  attempting  to  separate  the  effects  due  to  gel  synthesis  from 
effects  due  to  swelling  or  syneresis  in  the  post-gel  lation  step 
(Figure  1.3  [8]).  The  goal  was  to  reduce  the  problems  associated  with 
the  drying  process  by  first  minimizing  the  gel  volume  in  the  wet 
state.  This  was  accomplished  by  placing  the  gels  in  solutions  which 
might  induce  syneresis,  and  thus  shrinkage  of  the  gel. 

When  placed  in  an  electrolyte  solution  a  charged  surface,  such  as 
a  borosilicate  gel,  will  attract  counterions  and  repel  co-ions.  Thus 
electrolyte  in  the  solvent  reduces  the  effective  surface  charge  of  the 
borosilicate  network.  As  the  effective  surface  charge  of  the 
borosilicate  network  is  reduced,  the  distance  between  neighboring 
segments  of  the  network  Is  decreased.  The  result  is  that  the  gel 
volume  is  reduced. 

The  experiments  were  conducted  on  borosilicate  gels  using  a 
synthesis  procedure  similar  to  those  reported  by  Nogami  and  Moriya 
[19]  and  by  Yoldas  [20],  and  which  subsequently  was  modified  by  Angell 
[8],  No  post-gelation  studies  involving  borosilicate  gels  had  been 
published  previous  to  the  work  by  Angell.  The  gel  synthesis  procedure 
used  was  repeated  as  precisely  as  possible  in  order  to  minimize  the 
differences  in  the  gels  due  to  synthesis  parameters.  Thus,  any 
changes  in  the  gel  volumes  following  rinsing  (and  the  swelling  or 
syneresis  produced)  were  attributed  to  these  operations. 
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Problem  Statement 

Most  of  the  research  presented  in  this  thesis  was  in  response  to 
questions  that  arose  from  the  results  given  by  Angell  [8].  In 
particular,  these  results  showed  that  some  of  the  swelling  behavior 
between  lyogels  were  identical,  even  though  the  lyogels  had  different 
as-batched  compositions.  This  suggests  that  the  actual  composition  of 
the  lyogel  might  be  different  from  the  as-batched  composition. 
Further,  upon  exploration  of  the  borosjlicate  lyogel  chemistry  in 
solution,  it  was  found  that  there  should  be  differences  between  the 
as-batched  composition  and  the  actual  composition  of  the  lyogel  after 
swelling. 

Various  techniques  for  borosilicate  analysis  were  considered. 
Instrumental  neutron  activation  analysis,  INAA,  was  selected  because 
it  is  a  very  sensitive  and  accurate  analytical  technique  for 
determining  the  mass  of  an  element  present  in  an  unknown  sample. 
Also,  INAA  is  nondestructive,  requires  a  small  sample  mass,  and 
requires  little  sample  preparation.  Although  INAA  has  been  used 
extensively  in  many  fields  of  research,  a  procedure  for  the  analysis 
of  borosilicate  materials  containing  sodium  chloride  using  INAA  was 
not  found.  Thus,  an  INAA  procedure  was  developed  which  provided 
silicon,  sodium,  and  chlorine  mass  compositions  for  the  borosilicate 
lyogels  under  investigation. 

The  subsequent  chapters  of  this  thesis  fall  into  three 
categories,  namely,  INAA,  lyogel  and  borosilicate  chemistry,  and 
proposed  future  work.  Firstly,  INAA  background  and  theory  will  be 
introduced,   then  the  INAA  technique  developed  will  be  described,  and 
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then  verification  of  this  technique  will  be  discussed.  Secondly, 
lyogel  and  borosilicate  chemistry  will  be  examined,  and  INAA  results 
of  dried  borosilicate  lyogels  will  be  presented.  Lastly,  material 
balances  for  the  entire  synthetic  process  will  be  derived. 
Experiments,  including  suggested  analytical  techniques,  to  obtain  a 
closed  material  balance  will  be  proposed. 
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INSTRUMENTAL  NEUTRON  ACTIVATION  ANALYSIS  (INAA) 


II.  Review  of  INAA 


III.  INAA  Procedure  Development 


IV.   Verification  and  Calibration  of  INAA  Technique 
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CHAPTER  II 
REVIEW  OF  INSTRUMENTAL  NEUTRON  ACTIVATION  ANALYSIS  ( INAA) 

A.  General  Background 

Instrumental  Neutron  Activation  Analysis,  INAA.  is  a  very 
sensitive  and  accurate  analytical  technique  for  determining  the  mass 
of  an  element  present  in  an  unknown  sample.  Figure  2.1  illustrates 
the  INAA  process  which  usually  involves  Irradiating  an  unknown  sample 
with  thermal  neutrons.  Neutrons  are  available  at  several  energy 
levels.  Thermal  neutrons  are  neutrons  in  thermal  equilibrium  with 
their  environment  and  have  low  energies  (0.025  eV  at  20°C)  [29]. 
Epithermal  neutrons  have  energies  greater  than  thermal  neutrons.  Fast 
neutrons  have  energies  greater  than  1.9  MeV  [29].  In  this  work, 
thermal  neutrons,  as  well  as  fast  neutrons,  were  utilized. 

INAA  with  thermal  neutrons  utilizes  the  neutron-gamma  ray 
reaction  designated  as  (n.y).  Neutrons  are  captured  by  the  nucleus  of 
the  parent  atom,  thus  producing  a  new  nuclide  with  a  mass  number  one 
unit  greater  than  the  parent  nuclide.  The  new  nuclide,  or  daughter 
product,  is  often  radioactive  and  decays  by  emitting  beta  and/or  gamma 
rays.  By  measuring  the  emission  rate  of  gamma  rays  having  specific 
energies  and  using  an  understanding  of  the  activation  reactions 
involved,  both  qualitative  and  quantitative  analysis  of  the  parent 
element  is  possible. 

For  example,  consider  INAA  of  copper  [27].  When  copper  with  a 
mass  number  of  63  is  placed  In  a  thermal  neutron  flux,  copper-64  is 
produced  by  the  following  reaction: 
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Figure  2.1.  Schematic  diagram  of  the  Instrumental  Neutron 
Activation  Analysis  process. 
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Cu(n,y)  Cu. 
Copper-64  is  radioactive  with  a  half-life  of  12.8  hours  and  emits 
gamma  rays  with  an  energy  of  1345.8  keV.  The  emission  rate  of  the 
1345.8  keV  gamma  ray  is  measured.  Using  these  data,  along  with  data 
obtained  from  a  copper-63  standard,  the  amount  of  copper  in  the  sample 
can  be  determined . 

INAA  has  many  advantages  over  other  analytical   techniques . 
These  advantages  include  the  following  [27]. 

1.  INAA  is  nondestructive. 

2.  Pre-  or  post-chemistry  is  not  required. 
Thus  foreign  materials  are  not  introduced. 

3.  The  technique   is  manpower  efficient  since  minimal  sample 
preparation  is  required. 

4.  Many  elements  may  be  determined  simultaneously  from  a  single 
sample  and  a  single  analyzer  setting. 

5.  INAA   is   very   fast   once  the  experimental  procedure  has  been 
optimized  for  a  given  type  of  sample. 

6.  Liquid,  solid,  or  gas  sampJes  may  be  analyzed. 

7.  Only  small  sample  masses  (-O.lg)  are  required. 

8.  INAA  is  very  sensitive  for  a  large  number  of  elements. 

B .  Theoretical  Development  and  Calculation  of  Corrected  Peak  Area 

A  detailed  derivation  of   the  model   employed  to  describe  the 

measurement  of  the  concentration  of  a  given  element   in  an  unknown 

sample   is  given  by  Higginbotham  [24] .  For  convenience  a  less  detailed 

derivation  is  given  in  Appendix  A. 

The  mass   of  the  parent  element  in  a  sample  can  be  determined  by 

utilizing  many  quantities,  some  of  which  are  known  and  others  which 
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are  measured.   The  peak  area  for  the  specific  energy  gamma-ray  emitted 

from  the  daughter  product  is  measured  with  a  detector  system.   Time 

values   are  determined  for  each  pulse  height  distribution  (plot  of  the 

number   of   counts   versus   channel   number)   measured.    The   naturaL 

abundance ,  atomic  number  of  the  parent  isotope ,  value  for  the  daughter 

product  gamma-ray  yield,  and  value  for  the  probability  of  decay  for 

daughter   product   atoms  are  found  in  the  literature.   The  mass,  M,  of 

the  parent  element  is  given  by  the  following  equation  [24], 

P  AX 
a 

-Xt  H  w  uaJ    Xft  -t 


M  =  (i) 

AM,  ,n  v|\   Xt  1  f  "ir  si  Xft  -t  11 

A  N  a   ipE-Yll-e   rl  le         -   e  I  r   eJ 


b  A  p^  f 
where : 

P   =  the  peak  area 
a 

A  =  the  atomic  weight  of  the  isotope  or  i so topic  atomic  weight 

X   =  the  probability  of  decay  for  daughter  product  atoms 

A  =  the  natural  abundance  of  the  parent  isotope 

N   =  Avagadro's  number 

a  =  the  absorption  cross-section  of  the  parent  isotope 

<£  =  the  flux  of  neutrons  striking  the  target  nucleus 

E  =  the  absolute  efficiency  of  the  detector  (i.e.,  the  number  of 

counts  recorded  in  a  certain  channel  divided  by  the  number 
of  counts  actually  occurring) 

Y  =  the  gamma-ray  yield  (i.e.,  the  number  of  gamma  rays  of   each 
energy  per  disintegration) 

t   =  the  irradiation  time 

r 

t   =  the   time   the  detector  system  begins  to  count  the  number  of 
gamma-ray  detector  interactions 
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t   =  the  time  the  detector  system  stops  collecting. 


Eq.  (1)  applies  to  both  the  standards  and  the  fluence  monitors. 
The  fluence  monitors  are  metal  wires  of  known  mass  wrapped  separate  I  y 
aroung  the  sample  and  the  standards  containers.  Thus,  Eq.  (1)  for  the 
standard  becomes 
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X  =  (In  2)/(haJf-life  of  daughter  product). 
Similarly,   Eq .   (1)  is  applied  to  the  fluence  monitors  (wires)  of  the 
standards . 
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where   K_ 


s   b  A  Is   pJ  s    f 


*   constant 


X     =    (In  2)/(half-life  of   wire). 


Rearranging   Eq.    (3)    to   solve    for        <p,    Eq .    (4)    below   is   obtained. 


n  fwt  -wt  1        x  f\  -wt  ] 
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(4) 


Since  the  wire  is  placed   in   the  same   location  on  each  vial 

irradiated,  it  is  assumed  that  d>  =  <£. 

Subsituting  Eq.  (4)  into  Eq.  (2)  yields 

I     x  ft  Iff  X  f"t  "t  1   X  f"t  -"tV 
w     -wis  rJ     wis  r  s  sJ    wis  r  s  eJ 
P  K  M  1-e         e  -e 
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For  constant  irradiation  times  and  for  homogeneous  standards  having 
the  same  counting  geometry,  a  constant  equai  to  the  slope  of  the  mass 
line  for  the  standard  can  be  obtained. 
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Letting  the  remainder  of  the  right  hand  side  of  Eq.  (5)  be  denoted  as 


the  corrected  peak  area,  P  ,  then 
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A  plot  of   M  versus  P  should  be  linear  with  an  intercept  of 

zero.  Once  the  standard  line  has  been  established  for  a  given  element 
it  can  be  used  to  determine  the  mass  of  that  element  in  a  given  sample 
of  unknown  composition.  The  irradiation  time  for  the  samples  must  be 
the  same  as  for  the  standard.  Also,  the  samples  should  be 
homogeneous,  should  have  the  same  geometry  during  counting  as  the 
standard,  and  should  have  the  same  gross  activity  as  the  standard  to 
allow  equality  between  the  system  dead  times  so  1:hat 

sEf  =  (Ef)sample.  <7) 

r 

By  substituting  the  sample  values  into  the  expression  for  P  , 

a 

lPaJ sample  can  be  calcuiated-  Substituting  this  quantity  into  Eq .  (6) 
yields  the  mass  of  the  desired  element  in  the  sample. 

C.  Irradiation  Facility  [24 ] 

The  neutron  irradiation  of  samples  utilizes  the  Rotary  Specimen 
Rack,  or  RSR,  of  the  TRIGA  Mark  II  nuclear  reactor  at  Kansas  State 
University   [3],   The   maximum   steady-state   thermal   flux   is 

13  2 

1X10  neutrons/cm  -sec  and  the  maximum  thermal  fluence  per  pulse  is 

14  2 
4X10   neutrons/cm  . 

The  Rotary  Specimen  Rack,   RSR,   is  a  circular  aluminum  ring 

supporting  40  cylindrical  sample  irradiation  containers.   The  rack 

assembly  is  encased  in  a  watertight,   air-filled  aluminum  housing 

embedded  in  the  graphite  reflector  surrounding  the  reactor  core 

20 


{Figure  2.2).  The  sampJes  are  loaded  by  placing  the  sample  vials  into 
a  second  plastic  vial  attached  to  a  nylon  cord.  This  assembly  is 
lowered  through  a  tube  into  the  desired  irradiation  position  (Figure 
2.3)  . 

D.  Detector  Analyzer  System  [24,25,26] 

The  daughter  products  formed  emit  gamma  rays  at  characteristic 
energies.  The  detection  system  counts  the  number  of  gamma  rays 
arriving  at  the  detector  at  each  energy.  The  detection  system  is  shown 
in  Figure  2.4.  It  consists  of  a  solid  state  Ce(Li)  drifted  detector 
connected  to  a  multichannel  analyzer  (MCA).  When  gamma  rays  interact 
with  the  detector,  a  voltage  is  generated  proportional  to  the  energy 
of  the  incident  gamma  ray  and  is  sent  to  the  analog-to-digital 
converter  (ADC).  The  digital  data  is  stored  in  the  MCA  memory  in  one 
of  4096  channels.  A  plot  of  the  number  of  counts  versus  channel 
number  is  defined  as  the  pulse  height  distribution. 

E .  Energy  Calibration 

An  energy  calibration  is  performed  to  relate  the  gamma  ray  energy 
to  the  channel  number.  To  determine  accurately  the  energies  of  the 
peaks  in  the  gamma  ray  spectrum,  the  Canberra  8180-Ge(Li)  system  must 
be  calibrated  by  measuring  the  spectrum  of  known  gamma  ray  emitters. 
The  Canberra  8180  generates  a  linear  energy  calibration  equation  by 
fitting  a  line  through  the  gamma  ray  energy  as  a  function  of  peak 
channel . 

The  multichannel  analyzer  settings  shown  in  Table  2.1  were  used. 

A  spectrum  is  obtained  using  a    Cs  and  a   Co  source.   These  spectra 
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Figure  2.2.  Location  of  the  Rotary  Specimen  Rack,  RSR, 
with  respect  to  the  reactor  core  [24]. 
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Figure  2.4.  Gamma-ray  detection  systen 
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Table  2.1.   Settings  for  Canberra  8180  Multichannel  Analyzer 
During  Energy  Calibration  and  All  Counting. 


Function 

Setting 

Preset  count 

OFF 

Preset  time 

LIVE 

Function 

PHA  N=9,  M=5 

I/O  device 

TAPE  OUT 

Data 

ADD 

Control 

MANUAL 

Memory  Control  Transfer 

1/1 

Coarse  gain 

100 

Fine  gain 

7.30 

Time  constant 

2(JS 

Baseline  Restorer 

LOW 

Pile-up  Rejector 

OUT 

LLD 

0.4 

Ill.D 

10.1 

Conv.  gain 

4096 

Baseline 

4.87 

Gate 

OFF 

Digitial  Offset 

all  levers  down 
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Table  2.2.  Gamma  Ray  Energies  Used  for  the  Energy 
Calibration  of  the  Canberra  8180  Multichannel 
Analyzer  [21] . 

Isotope  Camma  Ray  Energy  (keV) 

137„  661.6 

Cs 

60  1173.2 

Co 

60  1332.5 

Co 
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provide  three  reference  peaks.  The  channel  numbers  associated  with 
these  energies  are  used  to  establish  a  linear  relationship  between 
energy  and  channel  number.  A  region  of  interest  is  established  around 
each  of  the  peaks  listed  in  Table  2.2  and  their  energies  are  entered 
into  the  Canberra  8180  MCA.  The  analyzer  is  now  calibrated  and  ready 
for  data  collection. 

F.  Data  Collection  in  General 

Data  collection  for  a  particular  sample  starts  with  the  placement 
of  the  sample  near  the  detector.  The  location  in  the  detector  must  be 
constant  for  each  sample  and  standard  because  variation  in  the 
counting  geometry  will  lead  to  differences  in  the  absolute  efficiency 
of  the  detector.  Such  variations  violate  the  assumption  of  equivalent 
counting  geometries  in  Eq.  (7).  A  Plexiglass  rack  placed  on  top  of 
the  detector  casing  is  used  to  hold  samples  at  specific  locations  and 
distances  above  the  detector,  as  shown  in  Figure  2.5.  Polyethylene 
disks  and  Plexiglass  plates  may  be  placed  between  the  sample  and  the 
detector  to  minimize  exposure  of  the  detector  to  beta  particles.  The 
detector  is  attached  to  a  Dewar  containing  liquid  nitrogen  (Figure 
2.6).  The  liquid  nitrogen  cools  the  detector  to  prevent  thermal 
migration  of  lithium  from  the  detector.  The  location  of  the  detector 
pre-amplifier,  which  contains  the  high  voltage  connection  for  the 
detector  and  for  the  signal  output,  is  shown  as  well.  The  energy 
spectrum  is  stored  on  magnetic  tape  for  later  data  analysis  [24], 


27 


9  mm 


Figure  2.5.  Plexiglass  rack  for  sample  positioning 
during  counting (modi fied  from  Ref.  24). 
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COUNTING   RACK 


SAMPLE 


Ge(Li)  DETECTOR  CASING 

PREAMP 

PREAMP   POWER  SUPPLY 
SIGNAL 


DETECTOR   HV  POWER  SUPPLY 


DEWAR 


Figure  2.6.  Positions  of  counting  rack,  sample,  detector 
and  associated  electronics  [24]. 
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G.  Preparation  of  Standards 

NaCl  and  SiO  were  used  to  prepare  standards.   The  maximum  mass 

of  NaC]  used  was  0.107g  and  that  of  SiO  was  0.131g.    A  polyethyiene 

vial  with  a  cap  was  used  to  encapsulate  each  standard.  For  each 
standard  the  vial  was  cleaned  by  rinsing  with  warm  tap  water, 
deionized  water,  and  ethanol .  in  that  order.  The  vials  then  were  air 
dried.  All  handling  of  the  vials  was  done  using  surgical  gloves.  The 
vials  then  were  weighed  to  an  accuracy  of  +  O.OOlg. 

NaCl  and  SiO  were  transferred  to  the  vial  using  a  stainless 

steel  spatula  and  a  plastic  funnel.  The  vial  was  filled  until  the 
desired  makeup  was  obtained.  Care  was  taken  so  that  no  sample 
contacted  the  outside  or  top  edge  of  the  vial.  The  cap  was  closed, 
sealing  the  vial.  A  0.127  mm  diameter  tungsten  wire  was  wrapped 
around  the  top  of  the  vial  and  the  ends  of  the  wire  were  twisted 
together.  Excess  wire  was  removed.  The  total  mass  was  determined; 
and,  the  mass  of  the  wire  was  obtained  by  difference. 

The  vial  was  placed  in  a  polyethylene  bag  to  prevent 
contamination  of  the  exterior  of  the  vial.  The  opening  of  the  bag  was 
twisted  and  taped.   A  label  was  affixed  over  the  tape. 

In  addition,  standards  containing  a  known  amount  of  boron  were 
prepared  to  check  the  validity  of  the  INAA  technique  being  developed. 
Boron  readily  reacts  with  neutrons,  but  the  boron  nuclides  produced 
are  short-lived  (a  half-life  of  0.23  minutes).  Thus.  special 
techniques  are  required  if  boron  analysis  is  to  be  obtained.  Boron  is 
difficult  to  determine  with  high  sensitivity  or   freedom   from 

30 


interference   [22].   Various  samples  containing  NaCl,  S10  and  H,  BO, 

were  prepared  as  described  previously,  except  that  an  electric 
soldering  iron  was  used  to  seal  the  cap  to  the  vial.  The  vial  was 
sealed  to  prevent  any  H  BO  from  escaping  due  to  volatilization.   Care 

is  required  so  as  not  to  penetrate  the  vial.  The  compositions  of  all 
reagents,  some  empty  vials,  NaCl,  and  SiO  were  obtained  via   INAA  as 

well . 
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CHAPTER  III.  INAA  PROCEDURE  DEVELOPMENT 

A.  React ions_ Inyo Iving  S il icon 

Most  INAA  studies  have  emphasized  activation  produced  by  thermal 
neutrons  [29].  As  discussed  in  the  Introduction,  the  siJicon  content, 
of  various  borosilicate  lyogels  was  desired. 

28 

Si  undergoes  an   (n,p)  reaction  with  fast  neutrons  to  produce 

28 

Al  during  neutron  activation  analysis.   This  is  the  most  suitable 

isotope  for  analysis  of  silicon  in  silicate  materials. 

However,    other   neutron    reactions   also    produce      Al: 

27        28        31       28 

Al{n,y)  Al ,      P(n,oc)  Al ,    and   the   second-order   reaction 

26        27       27        28 

Mg(n,y)  Mg-»-»-  Al(n.y)  A]  (Figure  3.1)   [29],   Koch   [30]   found 

that  this  second-order  reaction  can  present  significant  problems  in 

the  analysis  of   Al  when  Mg  is  present  in  a  sample.    Interference 

from  phosphorus  is  serious,  with  the  sensitivity  of  the  (n,cr)  reaction 

31  28 

of   V   being  about  half  of  that  for  the    Si   reaction   [22].   The 

interference   from  aluminum   is  much   less  significant,   with   its 

activation  being  two  orders  of  magnitude  less  sensitive  than  for   the 

equivalent  amount  of  phosphorus  [22].  Typically  27A1  would  be  the 
primary  impurity  of  interest  for  the  borosilicate  lyogels 
investigated.  No  phosphorous  or  magnesium  is  anticipated  based  on  the 
compositions  of  the  reagents. 

Therefore,   a  technique  to  measure  gamma  rays  emitted  from  the 

decay  of   Al  produced  by  fast  neutrons  reacting  with  28Si  is  needed. 
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Figure    3.1.    Nuclear    Reaction    Diagram    showing    the    possible 
modes    of    production    of    Al-28.     Isotopic    abundances, 
in   percent,    are   below   the   nuclide    identifications. 
Reactions   are    identified    in   parentheses.    The   dashed 
line    represents    the    beta    decay    of    Mg-27    to    Al-27    [29] 
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A)  emits  a  1.78  MeV  gamma  ray  which  is  suitable  for  INAA.  Fast- 
neutron  reactions  usually  have  such  small  cross-sections  that  they  can 
be  neglected.  However,  use  of  a  thermal -neutron  filter  can  be  used  to 
exploit  the  fast-neutron  activation  reactions.  Cadmium  filters 
commonly  have  been  used  in  reactor  flux  measurements  to  separate 
thermal  from  epithermal  neutron  flux  [29,  33.  34,  35].  The  cadmium 
filter  technique  enhances  the  (n.p)  reaction  while  reducing  thermal 
neutron  activation  by  reducing  the  number  of  thermal  neutrons 
interacting  with  a  sample  that  is  to  be  irradiated  [29].  Thus,  a 
cadmium  filter  was  used  to  change  the  energy  spectrum  of  neutrons 
being  used  to  activate  samples. 

B .  Sample  preparation 

Samples  were  prepared  for  INAA  analysis  in  the  same  manner  as  the 
standards.   The  mass  of  sample  used  ranged  from  O.lOOg  to  0.125g. 

C .  Irradiation  of  Standards 

The  TRIGA  Mark  II  Reactor  was  brought  to  a  steady  state  power  of 
225  kW.  The  standard  was  placed  inside  a  reactor  loading  vial  lined 
with  0.020  inch  thick  cylindrical  cadmium  foil  and  the  assembly  was 
attached  to  a  "fishing  pole"  loading  device.  The  standard  was 
inserted  into  the  Rotary  Speicimen  Rack,  RSR2,  and  irradiated  for 
various  time  intervals  to  determine  an  optimum  irradiation  time.  This 
was  defined  as  the  irradiation  time  giving  a  satisfactory  counting 
time.   An  irradiation  time  of  6  minutes  was  adequate. 
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Upon  removal  of  the  standard  from  RSR2  a  timer  was  started.  This 
start  time  was  used  in  subsequent  calculations.  Since  more  standards 
were  to  be  irradiated,  the  time  the  standard  was  removed  from  RSR2  was 
recorded  for  each  sample.  These  data  were  used  for  wire  decay 
calculations.   Reagents .NaCl ,  SiO  and  empty  vials  were  irradiated  in 

the  same  manner. 

0.  Irradiation  of  Samples 

Samples  of  unknown  composition  were  irradiated  for  6  minutes  as 
per  the  standards . 

E .  Post-irradiation  Handling  and  Counting 

Since  one  of  the  radionuclides  of  interest  was  Al  (a  half-life 
of  2.241  minutes),  only  one  standard  could  be  irradiated  and  counted 
at  a  time.  Approximately  2  minutes  elapsed  between  the  end  of  an 
irradiation  procedure  and  the  beginning  of  the  first  gamma  ray 
measurement.   Thus  there  was  not  enough  time  to  count  more  than  one 

standard  before  the   Al  intensity  was  reduced  to  background  levels. 

The  tungsten  wire  ring  was  removed  from  the  vial,  put  into  the 
labeled  polyethylene  sample  bag,  and  placed  in  a  lead  container  for 
counting  at  a  later  time.  A  3-5/8  inch  diameter  polyethylene  disk, 
18/32  inch  thick,  was  placed  on  top  of  the  detector.  The  irradiated 
standard  was  placed  upright,  above  the  detector  center,  on  the  first 
shelf  of  the  rack  shown  in  Figure  2.5  of  Chapter  II. 
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The  analyzer  dead  time  was  not  greater  than  15*  for  any  of  the 
measurements.  Dead  time  of  the  analyzer  is  that  percentage  of  time 
the  analyzer  is  unable  to  count  interactions  in  the  detector.  By 
trial-and-error  it  was  determined  that  the  first  shelf  of  the  rack 
yielded  satisfactory  data. 

Each  standard  was  counted  until  at  least  10,000  counts  for  each 
peak  were  obtained.   When  the  Na  and  CI   peaks  had  at  least   10,000 

28 

counts  and   Al  was  present  in  a  small  quantity,  the  maximum  counting 

time  was  20  minutes.   After  this  time   Al  is  reduced  to  insignificant 

levels  and  essentially  no   Al  interactions  with  the  detector  occur. 

When  the  sample  counting  had  been  completed,   the  elapsed   time  was 

recorded.   After  each  standard  had  been  counted,  the  spectrum  was 

stored  on  magnetic  tape. 

After  the  data  on  each  standard  had  been  acquired,  the  tungsten 

wire  ring  is  placed  above  the  detector  center,  with   the  polyethylene 

disk  in  place,   on  the  first  shelf  of  the  rack  and  counted.   The 

counting  continued  until  at  least  30,000  counts  associated  with  the 

187,, 

W  peak  at  685.8  keV  had  been  obtained.   The  elapsed  time  was 

recorded  after  the  30,000  counts  had  been  measured.   The  spectrum  of 

the  wire  was  then  stored  on  magnetic  tape  after  measurement. 

Samples  of  unknown  composition  were  handled  and  counted   in  the 

same   manner  as   the   standards.    Again,   all  spectra  were  stored  on 

magnetic  tape  after  measurement. 
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F.  Determination  of  Peak  Areas  [24.25,26,28] 

The  peak  areas  are  calculated  from  the  detector-gamma-ray 
interactions  measured.  Each  interaction  of  a  gamma  ray  with  the 
detector  results  in  a  count  being  recorded  in  a  specific  channel  fur 
the  energy  associated  with  that  gamma  ray.  As  these  data  are 
accumulated,  the  pulse  height  distribution  as  a  function  of  channel 
number  is  obtained  (Figure  3.2).  The  background  level  for  each  peak 
is  determined  by  averaging  K  points  on  either  side  of  the  peak  to 
determine  average  background  levels.  Then  a  straight  line  is  drawn 
between  these  averaged  values.   The  peak  area  is  computed  as  follows. 


P  =  Integral  -  Background 


(II 


where:   P  -  peak  area 


Integral  ■  t   X . ,  where  X.  is  the  number  of  counts  in 
i=A    the  lth  channel . 


Background 


(B-Ai-1) 
2K 


£  X.  t    E    X 
I  j=A   J    m=B-K+l   ' 


Substituting  into  Eq .  (1)  gives  the  peak  area,  P  . 


(B  -  A  +  1) 


A+K-l      B 

Z   4-    I    X 
.  j=A     m=B-K+l   " 


(2) 


G.  Data  Reduction 

After  a  spectrum  had  been  recorded,  the  regions  about   the  peaks 
corresponding  to  the  elements  to  be  measured  were  set.   The  peak  area 
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Figure  3.2.  Spectrum  background  parameters  for  peak 
area  calculation  (modified  from  Ref.24). 
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and  peak  area  error  were  calculated.  For  example,  if  aluminum  Is 
being  analyzed,  the  gamma  ray  energy  emission  at  1778.7  keV  is 
located.  A  region  of  interest  about  this  peak  is  established  by 
locating  the  ends  of  the  tails  of  the  peak  and  using  these  points  as 
the  right  cursor  and  the  left  cursor  positions  as  shown  in  Figure  3.2. 
An  example  analysis  and  calculation  is  presented  in  Appendix  B. 

H.  Modification  of  Irradiation  Procedure 

During  the  course  of  this  research,  the  emission  from  the 
irradiated  cylindrical  cadmium  filter  briefly  exposed  the  sample 
handler  to  several  hundred  mr/hr.  Although  the  cumulative  exposure 
was  well  within  the  limits  for  a  standard  operator  at  any  nuclear 
facility,  a  higher  level  of  protection  was  desired .  Thus ,  the 
irradiation  procedure  was  modified  as  described  below. 

The  sample  was  placed  inside  a  reactor  loading  vial  in  which  the 
top  was  lined  with  0.020-inch  thick  cadmium  foil.  This  assembly  was 
inserted  into  core  element  F7 ,  which  has  a  cadmium  filter  {Figure 
3.3).  Under  these  conditions  the  sample  handler  was  exposed  to  about 
100  mr/hr  for  a  very  brief  period  of  time.  This  is  a  significant 
improvement  in  radiation  protection. 

Standards  and  samples  were  irradiated  for  1  minute  at  225kW. 
Post-irradiation  handling  procedures  were  performed  as  described 
previously  in  Sections  A. 4  to  B.2.  This  modified  procedure  required 
new  calibration  curves. 
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Figure  3.3.  Location  of  cadmium  filter,  core  element  F7 
in  the  Rotary  Specimen  Rack,  RSR  (modified 
from  Ref .24) . 
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CHAPTER  IV.  VERIFICATION  AND  CALIBRATION  OF  INAA  TECHNIQUE 

A .  Determination  of  Aluminum,   Phosphorus  or  Magnesium  Present in 

Vials,  Reagants  and  Standards 

Chemical  reagents  and  empty  (blank)  vials  were  irradiated  at  225 
kW  for  6  minutes  and  counted  as  described  in  Chapter  III.  They  were 
analyzed  for  aluminum,  phosphorus  and  magnesium.  No  trace  amounts,  at 
the  parts  per  million  level,  were  found  to  be  present.  Detailed 
results  are  given  in  Table  4.1. 


Table  4.1.  Determination  of  Aluminum,  Phosphorus  or 
Magnesium  Present  in  Vials,  Reagents  and 
Standards . 


Mass  of  Element  (^g)* 
Substance   Aluminum   Phosphorus   Magnesium 


Vial 

<  0.1 

<  70 

<  5 

0.15M  HC1 

<  0.1 

<  70 

<  5 

TEOS 

** 

<  70 

<  5 

B(OCH3)3 

<  0.1 

<  70 

<  5 

sio2 

** 

<  70 

<  5 

NaCl 

<  0.1 

<  70 

<  5 

H„BO„ 
3   3 

<  0.1 

<  70 

<  S 

*   Detection  limits  found  in  References  22,  23,  66. 
**  Al  proportional  to  the  mass  of  silicon  in  sample. 


41 


B.  Calibration  Lines 

B . 1 .  Calibration  Lines  for  First  Irradiation  Procedure 

B . 1 . A .  Experimental 

NaCl  and  SiO  were  used  to  prepare  standards.   The  maximum  mass 

of  NaCl  used  was  0.107g  and  that  of  SiO  was  0.131g.   A  polyethylene 

vial  with  a  cap  was  used  to  encapsulate  each  standard.  For  each 
standard  the  vial  was  cleaned  by  rinsing  with  warm  tap  water, 
deionized  water,  and  ethanol .  in  that  order.  The  vials  then  were  air 
dried.  All  handling  of  the  vials  was  done  using  surgical  gloves.  The 
vials  then  were  weighed  to  an  accuracy  of  ±  O.OOlg. 

NaCl  and  SiO   were  transferred  to  the  vial  using  a  stainless 

steel  spatula  and  a  plastic  funnel.  The  vial  was  filled  until  the 
desired  makeup  was  obtained.  Care  was  taken  so  that  no  sample 
contacted  the  outside  or  top  edge  of  the  vial.  The  cap  was  closed, 
sealing  the  vial.  A  0.127  mm  diameter  tungsten  wire  was  wrapped 
around  the  top  of  the  vial  and  the  ends  of  the  wire  were  twisted 
together.  Excess  wire  was  trimmed  off  using  scissors.  The  total  mass 
was  determined;  and,  the  mass  of  the  wire  was  obtained  by  difference. 

The  vial  was  placed  in  a  polyethylene  bag  to  prevent 
contamination  of  the  outside  of  the  vial.  The  opening  of  the  bag  was 
twisted  and  taped.   A  label  was  affixed  over  the  tape. 
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Table  4.2.  Calibration  Lines  Relating  Mass  of  Isotope  to 
Corrected  Peak  Area  (first  irradiation 
procedure) . 


>    2543.88    PC    - 

-    0.005315 

(±79.8)      3 

(i0.0028) 

Correlation  coefficient  =  0.9963 

<!>M„„   ■  79.79  P°  +  0.005586 
Sl02 


M    =  9.2022  P   -  0.0004428 
°    (±0.154)"    (±0.0004) 


Correlation  coefficient 

AM,, 


322.85  P   -  0.0006072 
(±11.2)  3    (±0.00125) 


Correlation  coefficient  =  0.9955 

AM„,  =■  11.23  PC  t  0.001593 
CI  a 


where:   M.  is  the  mass  of  a  given  element  i  calculated  from 

the   linear  regression  analysis.   Slopes  and 
intercepts  are  given  with  their  most  probable 
error. 
AM.  is  the  maximum  experimental  error. 
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Table  4.3.  Calibration  Lines  Relating  Mass  of  Isotope  to 
Corrected  Peak  Area  (modified  irradiation 
procedure) . 


H      «  870.078  P   -  0.000846 

2    (±27.4)   a    (±0.00046) 


Correlation  coefficient  =  0.9880 

AM„.„   »  27.36  P°  +  0.0014 
Sl02  3 


M    =  9.5446  P  -    0.0008782 
3    (±0.160)3    (±0.0008) 


Correlation  coefficient  -  0.9928 

AM.,   -  0.1596  P°  +  0.001072 
Na  a 


M    "  300.747  P   -  0.001493 
(±10.5)   a    (±0.003) 


Correlation  coefficient  =  0.99 

AM„,  ■  10.46  PC  +  0.003393 
CI         a 


where:   M.  is  the  mass  of  a  given  element  i  calculated  from 

the   linear  regression  analysis.   Slopes  and 
intercepts  are  given  with   their  most  probable 
error. 
AM  is  the  maximum  experimental  error. 
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B  .  1  .  n .   Results 

The  calibration  lines  from  least  squares  linear  regression  based 
upon  samples  with  known  compositions,  using  the  irradiation  procedure 
described  in  Chapter  III  Section  C,  are  shown  in  Figures  4.1-4.3  and 
summarized  in  Table  4.2.  An  example  of  the  maximum  experimental  error 
calculation  is  given  in  Appendix  C. 


B . 2 .  Calibration  Lines  For  Modified  Irradiation  Procedure 

The  calibration  lines  from  least  squares  linear  regression  based 
upon  the  samples  with  known  compositions,  using  the  modified 
irradiation  procedure  described  in  Chapter  III  Section  H,  are  shown  in 
Figures  4.4-4.6  and  summarized  in  Table  4.3. 

C.  Verification  of  Technique 

C. 1.   Experimental 

The  validity  of  the  INAA  method  developed  in  Chapter  III  was 
verified  by  irradiating  several  samples  containing  known  amounts  of 
SiOg,  NaCl  and  H  BO  .   The  samples  were  prepared  in  the  same  manner  as 

the  standards  prepared  in  Section  B  of  this  chapter,  except  that  an 
electric  soldering  iron  was  used  to  seal  the  cap  to  the  vial.  The 
vial  was  sealed  to  prevent  any  H  BO   from   escaping   due   to 

volatilization.   Care   is  required  so  as  not  to  penetrate  the  vial. 

These  samples  with  known  composition  were  then   irradiated  at  225  kw 

for  6  minutes  and  counted  as  described  in  Chapter  III. 
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C  .  2 .   Results 

The  results  are  listed  in  Table  4.4.   The  mass  of  H  R0\ 

3   3 

was  determined  by  subtracting  the  masses  of  SiO  and  NaCl  calculated 

via   INAA   from   the  sample  mass.   The  mass  of  SiO   computed  from  INAA 

and  the  mass  of  SiO  as  prepared  agree  within  2  percent  for  each 

sample,  except  Sample  5  which  differs  by  4.7  percent.  The  relative 
difference  between  the  mass  of  NaCl  computed  from  INAA  and  the  mass  of 
NaCl  as  prepared  increases  with  increasing  boron  content.  The 
relative  difference  for  NaCl  ranges  from  0.0  to  17.6  percent  with  the 
actual  NaCl  mass  being  greater  than  or  equal  to  that  computed  from 
INAA  in  all  cases.  For  Samples  1  and  2,  which  had  more  than  5.8 
wieght  percent  boron,  the  actual  NaCl  mass  was  outside  the  computed 
maximum  experimental  range. 


D.   Discussion 

The  results  In  Table  4.4  indicate  that  the  more  boron  present  in 
a  sample  the  greater  the  relative  difference  between  the  actual  NaCl 
mass  and  the  NaCl  mass  computed  from  INAA,  with  the  actual  mass  always 
being  larger.  Thus,  the  mass  of  boron  is  affecting  the  activation  of 
NaCl,  but  this  was  not  anticipated. 

Boron  acts  like  a  thermal  neutron  sink;  that  is,  boron  captures  a 
significant  number  of  thermal  neutrons  that  pass  through  the  cadmium 
filter  [45],  So,  a  larger  mass  of  boron  will  capture  more  thermal 
neutrons  than  a  smaller  one.   Remember  that  it  is  the  thermal  neutrons 
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Table  4.4.   Standards  Checked  to  Verify  Method  Developed  In 
This  Work. 

Actual  Composition  computed  via  INAA 

Sample   Composition  (±  maximum  experimental  error) 

0.088g  SiO  0.086  t    0.009g  Si02 

1       0.033g  NaCl  0.027  ±  0.003g  NaCl 

0.112g  H  BO  0.120g  H3B03  ±  0.013g 


0.038g  NaCl     0.034  ±  0.003g  NaCl 
0.064g  H  BO     0.069g  H  BO   ±  0.013g 


0.020g  NaCl     0.020g  ±  0.003g  NaCl 
0.019g  H  BO   ±  0.013g 

0.075  ±  0.008g  SiO 
0.106g  H  BO     O.lOSg  H  BO   ±  0.009g 

0.  107  ±  0.009g  SiO 
5       0.067g  H  BO     0.062g  H  BO   ±  O.OlOg 

Note:   HoB0q  masses  in  the  INAA  column  were  determined  by 


difference. 
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which  activate  NaCl.   As   increasing  amounts  of  boron  absorb  more 

thermal  neutrons,  less  NaCl  is  being  activated. 

Therefore,   the  NaCl  mass  computed  from  INAA  would  be  different 

from  the  actual  mass.   Examination  of  the  relevant  equations  will  show 

that  the  mass  of  NaCl  computed  from  INAA  should  be  less  than  the 

actual  mass  of  NaCl.   Recall  from  Eq.   (2)   of  Chapter  II   that  the 

sample  mass,   M,  is  inversely  proportional  to  *  ,  the  flux  of  thermal 
s  s 

neutrons  striking  the  target  nucleus,  either  Na  or  CI  in  this  case. 

P  K, 
„  _ sal 


.  f  -X  t  If  X(  t  -  t  )   X(  t  -  t  n 
sHl-e  S  rJL   s  r  s  s  -e   s  r  s  e  J 


Further,  it  was  assumed  that  <(>  was  equal  to  <(>,  the  flux  of  thermal 

neutrons  striking  the  wire  fluence  monitor.   Thus,   under  normal 
activation  conditions,  the  following  relationships  hold. 

aMaiz  u»> 


—  (lb) 


where  d>  =  d>. 
sT   vT 

However,  boron  absorbs  thermal  neutrons.   This  would  indicate 
that  s<f>  would  be  less  than  <£  because  less  neutrons  are  striking  the 

Na  or  CI  target  nucleus.   Therefore  —7  is  greater  than  — ,   indicating 

s*  w<|> 

that  the  NaCl  mass  computed  from  INAA,  which  is  based  on  —  should  be 

s* 
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less  than  the  actual  mass  of  NaCl  in  the  sample.  The  results  given  in 
Table  4.4  substantiate  this  argument. 

It  has  been  seen  that  the  NaCl  mass  calculated  from  INAA  will  be 
less  than  the  actual  NaCl  mass  in  the  sample.  Since  the  mass  of  boron 
Is  obtained  by  difference,  the  estimates  for  the  mass  of  boron  will  be 
higher  than  the  true  mass.   This  can  be  seen  in  the  following  example. 

Boron  Mass  =  Sample  mass  -  SiO  mass  -  NaCl  mass         (2) 

Let  sample  mass  *  20  g. 
SiO  mass  »  10  g. 


actual  NaCl  mass  =  5  g. 

NaCl  mass  calculated  from  INAA  ■  3  g. 

Hence, 

Actual  Boron  Mass  =  20-10-5  -  5  g. 

Boron  Mass  Computed  Via  INAA  ■  20-10-3  =  7  g. 

It  is  seen  that  the  mass  of  boron  computed  via  INAA  is  higher  than  the 

actual  mass  of  boron  in  the  sample.   Therefore,  all  the  estimates  of 

the  boron  mass  for  samples  containing  NaCl  will  be  too  high  using  the 

INAA  technique  developed  in  this  research. 

For  samples  that  contain  NaCl,  as  the  boron  content  in  the  sample 

increases,  the  more  the  estimate  differs  from  the  true  value.   Thus  at 

low  boron  content  the  estimate  will  be  close  to  the  true  value.   For 

samples  that  contain   less   than  5.8  weight  percent  boron  the  actual 

boron  mass  is  within  the  computed  maximum  experimental  error  range. 

Since  boron  losses  occur  at  several  steps  during  processing,  it  is 

anticipated  that  the  actual  boron  content  of  the  sample  is  rather  low. 

This  implies  that  the  estimate  of  the  boron  content  measured  at  this 
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time  is  close  to  the  true  value.  A  modified  INAA  method  to  obtain  a 
more  accurate  NaCl  mass  estimate,  and  thus  a  more  accurate  estimate 
for  the  boron  mass,  will  be  discussed  in  Chapter  XI  (proposed  future 
work) . 

E.   Conculsions 

Vials,  reagents  and  standards  were  found  to  be  free  of  elements 
that  cause  Al-28  interferences.  The  INAA  method  developed  provides 
very  accurate  estimates  for  Si,  Na ,  CI  and  boron  masses  when  the  boron 
content  is  less  than  2.3  weight  percent.  For  samples  containing  less 
than  5.8  weight  percent  boron  the  actual  boron  content  will  be  within 
the  computed  maximum  experimental  error  range.  It  is  anticipated  that 
the  actual  boron  content  of  the  vast  majority  of  samples  analyzed  in 
this  research  will  be  rather  low.  In  these  cases  estimates  of  Si,  Na, 
CI  and  boron  masses  will  be  close  to  the  true  values. 
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CHAPTER  V.  REVIEW  OF  LYOGEL  CHEMISTRY 

A.  Introduction 

Gels  may  be  separated  into  two  types,  colloidal  systems  and 
polymeric  systems  [36].  Although  each  are  gels,  there  are  fundamental 
differences  in  the  gelling  mechanism  and  nature  of  the  gel  in  these 
systems.  In  colloidal  systems  gelation  results  from  colloidal,  or 
double  layer,  effects  which  also  determine  the  interparticle  distance 
at  the  gelling  point.  Gelling  in  polymeric  systems  occurs  due  to 
condensation  polymerization.  The  nature  and  kinetics  of  these 
reactions  determine  the  properties  of  the  gel  and  the  resultant 
inorganic  polymer. 

Partlow  and  Yoldas  [36]  have  discussed  colloidal  systems.  A 
colloidal  system  may  be  described  as  a  dispersion  of  particles  in  a 
liquid  medium.   The  diameter  of  the  particle  is  usually  less  than  1000 

A.  Each  particle  has  a  surface  charge  and  associated  electric  double 
layer.  The  dispersion  is  caused  by  a  mutual  repulsion  of  similar 
surface  charges.  When  particles  approach  each  other  their  diffuse 
double  layers  begin  to  interfere.  This  interference  causes  changes  in 
the  distribution  of  the  ions  in  the  double  layer  of  each  particle,  and 
the  free  energy  of  the  system  increases.  Thus  work  must  be  performed 
to  bring  about  these  changes.  This  work  manifests  itself  as  a 
repulsion  between  the  particles.   Ions  of  indifferent  and  potential- 

determing  electrolytes,  such  as  HNO  ,  HC1,  NH  +  and  0H~,   are  present 

in  the  interface  at  the  particle  surface  due  to  alignment  of  charges. 
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Therefore,  an  effective  net  electrical  field  is  present  at  a  distance 
from  the  particle.  This  situation  is  shown  schematically  in  Figure 
5.1.   Sol  particles  are  represented  as  spheres  in  a  box. 

Initially.  uncharged  or  weakly  charged  sol  particles  rest 
randomly  at  the  bottom  of  the  box  (Figure  5.1A),  similar  to  a 
precipitate.  As  the  surface  charge  on  these  particles  is  increased 
(Figure  5. IB),  a  net  repulsion  between  particles  results  and  they  can 
■ove  freely  within  the  box,  provided  that  the  particles  have 
sufficiently  little  mass.  In  this  state  the  system  is  called  a  sol. 
If  the  volume  of  the  "box"  is  decreased,  a  point  is  reached  where 
interaction  of  the  electric  double  layers  prevents  translatory 
movement.  The  occurrence  of  this  non-fluid  state  indicates  the 
gelling  point  (Figure  5.1C).  A  similar  state  may  be  initiated  by 
decreasing  the  solvent  content,  thus  effectively  decreasing  the 
interparticle  distance.  Figure  5.2  shows  the  analogous  transition 
from  a  precipitate  (Figure  5.2A)  to  a  sol  (5.2B),  to  the  gel  (5.2C), 
and  finally,  to  the  dried  gel  (5. 2D).  In  this  case  the  volume  of  the 
liquid  may  be  likened  to  a  box  within  which  the  particles  are 
restrained . 

Partlow  and  Yoldas  [36]  have  discussed  polymer  systems.  The 
polyaer  system  is  one  of  the  few  gel  systems  where  a  true  oxide 
network  is  formed  by  chemical  polymerization  in  the  liquid  at  or  near 
room  temperature  [37,38],  Alkoxides  are  standard  starting  materials 
for  this  process,  but  hydrolysis  of  most  alkoxides  yields  a  fine  oxide 
powder  [39].  However,  under  appropriate  conditions,  these  reactions 
can   result   in   polymerization   to  form  an  inorganic  polymer. 
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Figure  5.1.  Schematic  representation  of  charge 
effect  in  a  colloidal  sol  [36]. 


Figure  5.2.  Transition  from  a  precipitate  to 
a  dried  colloidal  gel  [36]. 
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Polymerization  and  gelation  occur  only  when  soluble  polymerizable 
species  are  present  in  the  liquid. 

Because  of  fundamental  differences  in  the  microstructure  between 
polymeric  gels  and  colloidal  gels  they  behave  differently. 
Furthermore,  there  are  differences  among  various  polymer  systems  which 
can  be  broken  down  into  two  distinct  types  (Figure  5.3).  In  the  first 
type.  Type  I  as  per  Yoldas  [36] ,  the  polymer  species  are  formed  by 
initial  polymerization  to  form  oligomers.  Evaporation  of  solvent 
leads  to  physical  entanglement  of  the  oligomers  and  a  gel  is  formed. 
In  the  second  type,  Type  II  [361,  the  chemical  reactions  leading  to 
polymerization  and  network  formation  take  place  throughout  the  liquid. 
Active  species  slowly  build  up  an  inorganic  network  by  eliminating 
alkyl  groups  from  the  structure  by  chemical  reaction.  If  the  reaction 
rate  and  behavior  is  such  that  continuity  is  maintained,  a  gel  will 
form. 

The  sol-gel  process  for  making  glasses  and  ceramics  has  been 
studied  intensively  in  recent  years.  Within  the  last  six  years,  at 
least  eight  symposia  have  been  devoted  to  this  area  of  research  [41- 
48}.  Borosi licates  and  boron  containing  materials  have  been  the  focus 
of  much  research  in  sol-gel  processing.  For  example,  at  the  Fourth 
International  Workshop  on  Glasses  and  Glass  Ceramics  from  Gels  [491  8 
percent  of  the  papers  discussed  borosi 1 icates ,  while  14  percent 
discussed  boron  containing  materials.  Most  researchers  have  assumed 
that  the  as-batched  composition  is  the  true  composition.  However, 
Nogami  and  Moriya   [50]   and   Brinker   and   Scherer   [70]   have   shown 
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Figure  5.3.  Polymer  solutions  exhibit  two 
methods  of  gelation  [36]. 
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differences   between  the  as-batched  compositions  and  the  actual 
composition  (Tables  5.1A  and  5. IB). 

Examination  of  Tables  5.1A  and  5. IB  shows  that  the  final  product 
contains  less  boron  than  was  batched.  Exploring  the  borosilicate 
chemistry  will  explain  these  results. 

B.  General  Aspects  of  Gel  Synthesis 

The  most  common  sol-gel  process  utilizes  metal  alkoxides  of 
network  forming  elements  (M(OR)  ,  where  M  is  Si.n.Ti,  Al ,  etc.,  and  R 

is  often  an  alkyl  group)  [7].   M(0R)   undergoes  hydrolysis  typically 

with  an  alcohol  as  the  solvent.   The  alkoxide  groups  are  removed 
stepwise  by  hydrolysis   (generally  using  acid  or  base  catalysts)  and 

are  replaced  by  hydroxl  groups   (Reaction  1)  [7].    Subsequent 

condensation  reactions   involving  the  hydroxl  groups  yield  soluble 

oligomeric  species  consisting  of  -M-O-M-  or  -M  -0-M  -   linkages 
[Reactions  (2)  to  (6)]  [7,51], 

M(OR)x  +  H20  <l  M(OR)x  jOH  +  ROH  (1) 

Ml(0R)x-l0H  +  M1(°K)x_1°Hi» 

(R0)x-lMr°"Ml(0R)x-l  +  H2°  (2) 

V0R)x-l0H  +  V0R)n*(R0)x-lMr0"M2(0R)n-l  +  R0H        (3) 
M1(OR)xlOH  ♦  M2(OR)n_1OH«.(RO)x_1M1-0-M2(OR)n_1+  H20     (4) 

V0R)x-l°H  +  M2(°R')zi'(R0)x^1M1-O-M2(0R')z  j  ♦  ROH      (5) 
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Table  5.1A.   Chemical   Compositions   of  Borosilicate  Glasses 
[50]. 

As-batched  Composition      Analyzed  Composition 
(mol  %)  (mol  %) 

Si02.0.176B203 

Si02.0.25B203  Si02.0.24B203 

Si02.0.43B203  S1V30B2°3 

Si02.0.67B203 

S102-B2°3 


Table  5. IB,  Chemical  Compositions  (wt  %)  For  Three 
Preparations  of  the  Following  Batched 
Composition  (wt  *) :  71.1  SiO  ,  18.3  BO,   7.1 

Al  0  ,  3.6  BaO  [70]  . 


sio2 

B2°3 

A1„0„ 
2  3 

BaO 

LpH5 

80.3 

6.9 

9.8 

3.0 

MpH5 

76.8 

11.2 

9  0 

2.9 

HpH12 

74.4 

12.9 

9.6 

3.0 

6A 


M  (OR)    OH  +  M  (OR' )   ,OH% 
1    x-1      2     z-1 

(R'0)x  1M1-0-M2(OR')z„1  +  H20  (6) 

When  preparing  a  lyogol  from  more  than  one  a)koxide,  one  must 
start  with  an  alkoxide  which  is  slow  to  hydrolyze  [40].  The  slowest 
hydrolysing  alkoxide  is  first  rendered  to  an  active  polymerizing 
species  as  described  previously,  while  the  fast  hydro lysing  alkoxide 
is  kept  in  its  unreacted  form  so  that  self-polymerization  cannot 
occur.  If  this  procedure  is  not  followed,  inhomogeneities ,  such  as 
the  precipitation  of  boric  acid,   B(0H)  ,   will   result  [52] .   For 

example,  if  one  were  to  initially  form  a  self-polymerizing  species 
from  a  fast  hydrolysing  alkoxide  and  try  to  react  it  with  a  slow 
hydrolysing  alkoxide,  the  fast  hydrolysing  alkoxide  would  self- 
polymerize  faster  than  the  condensation  reaction  with  the  slow 
hydrolysing  alkoxide.  An  inhomogeneity  would  result.  However,  if  the 
slow  hydrolysing  alkoxide  is  partially  hydrolysed  first  and  then 
reacted  with  the  unreacted  fast  hydrolysing  alkoxide,  dissimilar 
constituents  tend  to  become  neighbors.  For  example,  one  would  expect 
-M  -0-M  -  rather  than  -M  -0-M  - .   Thus  better  homogeneity  is  attained 

[40]. 

The  product  of  these  reactions  generally  remains  liquid  due  to 
the  absence  of  sufficient  number  of  hydroxl  groups  in  solution  that 
can  react  with  the  network  and  complete  polymerization.  After  all 
constituents  are  introduced  and  chemical  bonds  are  formed,  excess 
water  is  added  to  remove  remaining  -OR  groups.  This  usually  causes 
polymerization  to  a  gel. 
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C.  Borosilicate  Lyogel  Synthesis 

Yoldas  [40]  has  described  the  hydrolysis  of  silicon  alkoxides. 
These  alkoxides,  even  in  excess  water,  do  not  completely  hydrolyse  to 
an  -OR-free  complex  such  as  SiO    wo'011'  '   Unlike  hydrolysis  of 

boron  alkoxides,  -OR  and  OH  radicals  can  co-exist  in  large  numbers 
in  the  hydro lysed  product. 

Si(0R)4  ♦  XH20  — ►  Si0(4_x_y)/2(°H)x(0R)y  +  xROH         (7) 
Reaction   (7)   is  a  simplified  form  of  a  series  of  condensation 

reactions  involving  polymerization  of  species  containing  OH  and  -OR 
groups  to  form  bridging  oxygens  similar  to  those  shown  In  Reactions 
(2)  to  (6). 

Starting  with  tetraethylorthosilicate  as  the  silicon  alkoxide, 
the  hydrolysis  would  proceed  as  follows. 

S1(0C2H5)4  +  H2°  ~*  S1(0H)(0C2H5)3  +  SV"  (8) 

Further  hydrolysis-polymerization  reactions  yield  [52] 


2Si(0C  H  )  OH  +  2H  0  — »■  (C  H  0)—  $i  —  0— hi—  OH 

iC2H5  Kh 

+  3C2Hg0H  (9) 

After  the  boron  alkoxide,  B(0CH  )    is  introduced,  reactions  of  the 
following  types  occur  [53,54]. 
Si(0C,,Hg)30H  +  B(0CH3)3— ► 

(C2H50)3-Si-0-B(0CH3)2  +  CHgOH  (10) 
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H2°  +  tC2H50,3-S1-°-B(0CH3,2- 


(C2H50)2(0H)Si-0-B(0CH3)2  +  (^HgOH 


(ID 


2B(0CH3)3  +  HO- 


2  5  Jj 


(CH30)2B- 


DH  (CH30,2B 


6C2H5  C2V 


-OC„Hr  +  2CH  OH 

2  5       3 


(12) 


For  a   low  concentration  of  B(OCH  )  ,  there  are  enough  silanol 

groups  available  to  react  with  B(OCH  )  .   However,  with  an   increasing 

content  of  B(OCH  )   some  will  not  react  with  the  silanol  groups.   This 

excess   B(Ot:H  )    causes   self-polymerization   and   results    in    the 

precipitation   of   boric  acid,  B(OH)   [54j.   (The  solubility  of  B(OH) 

in  alcohol  is  5.56g   per   100   cc   of   alcohol   [71].)    The   chemical 
reaction  is  as  follows  [72,73]. 


B(0R)   +  3H  0  "   B(OH)   +  3R0H 


(13) 


The  addition  of  excess  water  removes  -0CH  and  -0C  H  groups  from  the 

borosilicate  network  formed  in  Reaction  (12).  Continued 
polymerization  results  in  a  borosi 1 icate  lyogel  whi ch  has  the  formula 
Si02-XB203. 
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When  B(OR)   is  mixed  with  water,   a  series  of  intermediate 

species,  such  as  B(OR)  OH,   B(0R)(0H)    and  B(0H)  ,   initially  form 

depending  upon  the  degree  of  hydrolysis  [40]  (Reaction  1).  Yoldas 
[40]  has  discussed  the  applicable  boron  chemistry.  What  follows  is  a 
summary  of  the  material  found  in  that  paper. 

The  relative  concentrations  of  the  various  boron  intermediate 
species  will  depend  on  the  availability  of  water  and  the  dilution  of 
the  system.  By  diluting  the  alkoxtdes  and  the  water  with  alcohol 
before  mixing,  it  is  possible  to  control  the  type  and  extent  of 
initial  hydrolysis  in  these  reactions.  Initial  species  immediately 
undergo  a  series  of  condensation  reactions  resulting  in  the  formation 
of  secondary  species  with  bridging  oxygens . 

B(0R)    -OH  +  R'0-B(0R)„  H      (RO)    -B-0-B-(0R)„  +  ROH    (14) 

X   .1  L mm  mm   —  J  £  X   -1  £ 

The  formation  of  initial  intermediate  species  and  their  condensation 

to  form  polymer  chains  can  be  represented  by  the  following  general 

equations . 

B(0R)   +  mH„0  H   B(0R>    (OH)   +  yROH  +  (m-y)H  0         (15) 
j     £.  o_y    y  i. 

B(0R)3y(0H)y  %   B(0R)x  (OH)    +  (3-y-x^  ROH  (16) 

where:   0  <  y  <  3 

y  -  f(yj  *  3   t  Xl). 

In  this  system,  -OR  and  OH  groups  react  with  each  other  and  form 
bridging  oxygens,  releasing  alcohol  until  one  of  the  groups  is 
completely  eliminated. 
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B(OR)    (OH)   +  B(OR)   %  (OR),   B-O-B(OR)   +  nROH        (17) 

J~y   y      j      J-y       x 
where:   0  <   y  <  3 
x  *  n  =  3. 

If  B(OR)    (OH)   contains  sufficient  hydroxl  groups   (if  y>3-y  in 

•i   y    y 

Reaction  15),  polymerization  continues  until  all  -OR  groups  are 
removed  from  the  network.  Thus  precipitation  of  boric  oxide  occurs. 
If  there  are  an  insufficient  number  of  hydroxl  groups  to  remove  all 
the  -OR  groups  (if  (3-y)  >  y  in  Reaction  15),  then  the  polymer  network 
contains  -OR  groups  in  the  structure.  When  this  occurs  the  network 
remains  soluble  in  alcohol  and  available  for  polymerization  with 
constituents.   A  reaction  scheme  representing  precipitation  of  BO 

and  formation  of  soluble  and  polymer izable  species  from  boron  alkoxide 
is  shown  in  Figure  5.4  [40]. 


D.  Tetravalent  Boron 

Nuclear  magnetic  resonance  measurements  [59],  infrared   [60]   and 

Raman  spectra  [61]  have  shown  that  increasing  the  sodium  content  of  a 

borate  glass  introduces  a  corresponding  number  of  tetravalent  boron 

atoms.  Thus,  the  coordination  of  the  boron  with  neighboring  Na*  ions 
changes  from  a  three  connected  network  to  a  four  connected  network 
(Figure  5.5)  [62].  The  resulting  negative  charge  on  the  tetravalent 
boron  atoms  is  balanced  by  the  associated  Na+  ions. 

Leaching  studies  of  borosilicate  glasses  have  shown  that  the 
stability  of  =B-0-B=  bonds  toward  hydrolysis  increases  with  the 
sequential  replacement  of  trigonal   borons  with  tetrahedral  borons 
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B(OR)„  +  mH  0  hydr0ly31S-.  B(OR),   (OH)   +  yROH  +  (m-y)H  0 
j    &    ^  J~y   y  * 


Polymerization 


(if  x1<y1)/ 
(-H20) 


5B2°3 


(precipitate) 


B(0R)   (OH)    +  (3-y-x  )ROH 
xl    yl 


(if  x:  >  yj) 


(B) 


B(OH)3x  (OR)x  *    (Xl-x2)R0H 


(clear) 


where:   0  <  y  <  3 
1 


.v  +3 
2vyl 


if  m  >  1.5:   x  <  0  (does  not  exist) 
if  ■  <  1.8:  x„  >  0 


Figure  5.4  Formation  of  boron  oxide  (A);  and  a  clear 
solution  containing  network-forming  species  (B) 
by  the  hydrolysis  of  boron  alkoxides  (modified 
from  Ref .  40) . 
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ange  in  connectivity  of  a  boric  oxide 
network  produced  by  introduction  of  cations  [62] 
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[58].   The  results  of  that  study  can  be  explained  on  the  basis  of  the 
stability  of  =B-0-B=  bonds  towards  dissociative  reactions  of  the  type: 


H-O-R 


T-  J 


ROH  +  =B-0-B=  %  =B-0-B=  %  =B  +  =B  (18) 

(intermediate) 


OH   OH 
HOH  +  =B-0-B-  H   =B-6-B»  <»  =B  +  =B  (19) 

( intermediate) 

Because  boron  has  no  available  low  energy  d  orbitals,   tetrahedrally 

coordinated  boron  cannot   form  the  five  coordinate  sp  d  transition 
state  required  for  S  2   (substitutional  second  order  nucleophillic) 

reactions  of  the  type  shown  in  Reactions  (18)  and  (19).   Tetrahedral 

borons  involved  in  =B-0-B=  and  =B-0-Sis  are  coordinately  saturated  and 
therefore  cannot  participate  in  these  nucleophillic  dissociation 

processes.   Thus,  the  kinetic  stability  of  =1-0-1=  and  =§-0-Sis  bonds 
would  be  expected  to  decrease  in  the  following  order: 

<=B-0-B=)  >  (=B*-0-B=)  or  (=l-0-Si=)  >  (=B-0-B=)  or  (=B-0-Si=)  [58]. 
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CHAPTER  VI.  INAA  OF  SiO  • xB  0   LYOGELS 


A.  Introduction 

The  major  disadvantage  of  the  so] -gel  method  is  the  large 
uncontrolled  shrinkage  of  the  gel  during  the  drying  and  sintering 
processes  [18].  For  many  previous  studies  when  the  final  product 
developed  cracks,  the  synthesis  conditions  were  changed  by  varying 
reactant  concentrations,  solvents  or  other  parameters.  Few  attempts 
were  made  to  change  the  gel  once  it  was  formed.  The  research 
presented  in  this  thesis  is  a  continuation  of  the  work  done  by  Angel  1 
[8]  in  attempting  to  separate  the  effects  due  to  gel  synthesis  from 
effects  due  to  swelling  or  syneresis  in  the  post-gellation  step.  The 
goal  was  to  reduce  the  problems  associated  with  the  drying  process  by 
first  minimizing  the  gel  volume  in  the  wet  state.  This  was 
accomplished  by  placing  the  gels  in  solutions  which  might  induce 
syneresis,  and  thus  shrinkage  of  the  gel  prior  to  drying. 

When  placed  in  an  electrolyte  solution,  a  charged  surface,  such 
as  a  borosilicate  gel,  will  attract  counterions  and  repel  co-ions. 
Thus  electrolyte  in  the  solvent  reduces  the  effective  surface  charge 
of  the  borosilicate  network.  As  the  effective  surface  charge  of  the 
borosilicate  is  reduced,  the  distance  between  neighboring  segments  of 
the  network  is  decreased.  The  result  is  that  the  gel  volume  is 
reduced. 

Most  of  the  research  presented  in  this  thesis  was  in  response  to 
questions  that  arose  from  the  swelling  data  given  by  Angell  (Figure 
6.1)  [8].   It  is  seen  that  some  of  the  swelling  behavior  of  the 
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Figure  6.1.  Solvent  content  of  SiO  •xB;)01  lyogels  as  a  function  of 
electrolyte  concentration  (modifided  from  Ref.31). 
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lyogels  are  identical,  but  that  the  lyogels  had  different  as-batched 
compositions.  This  suggests  that  the  actual  composition  of  the  lyogel 
might  be  different  from  the  as-batched  composition. 

B.  Experimental 

Borosilicate  lyogels  were  synthesized  by  Angell  [8],  The  author 
and  Angell  subsequently  placed  them  in  NaCl  solutions  of  varying 
concentrations  in  an  attempt  to  induce  syneresis,  and  thus  reduce 
lyogel  volume  or  solvent  content.   After  the   lyogels  were  swelled, 

they  were  dried  at  110  C  to  determine  the  mass  of  solvent  evaporated, 
as  one  indication  of  the  degree  of  swelling.  Samples  were  prepared, 
irradiated  and  counted  as  described  previously  in  Sections  A  to  G  of 
Chapter  III,  INAA  Procedure  Development.  Calculations  using  INAA  data 
were  facilitated  by  software  provided  by  Higginbotham  [32].  The 
software  was  debugged  by  the  author  since  this  was  the  first 
application  for  which  it  had  been  used.  A  sample  calculation  is  shown 
in  Appendix  B. 

C.  SiO  ;xB  0  and  NaCl  Composition  Results 

Lyogel  compositions  were  determined  by  the  INAA  procedure 
developed  in  this  work.  The  resulting  spectra  for  various  samples  are 
shown  in  Figures  6.2  to  6.7. 

Complete  INAA  results  are  listed  in  Table  6.1.   It  is  evident 

from  these  data  that  the  as-batched  compositions  are  significantly 

different  from  those  computed  via  INAA.   Boron  losses  are  occuring 

during  the  synthesis  and  drying  processes. 
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For  higher  boron  concentrations,  a  doubling  of  the  NaCl  mass  in 
the  swelling  solution  did  not  result  in  a  doubling  of  the  sodium  and 
chloride  retained  in  the  processed  lyogels.  Figure  6.8  shows  the 
solvent  content  of  SiO  -xB  0  lyogels  as  a  function  of  electrolyte 

concentration,  the  as-batched  compositions,  and  the  compositions 
calculated  from  INAA.  The  as-batched  compositions  have  a 
significantly  higher  boron  content  than  those  from  those  calculated 
from  INAA  data.  The  water  content  of  the  lyogel  decreases  as  the 
electrolyte  content  increases.   The  data  is  linear  for  lyogels  with  an 

as-batched  boron  concentration  less  than  si0p'7B;)01'   Tne  data  for 

lyogels  with  as-batched  boron  conentrations  of  SiO  --B  0  and  greater 

are  non-linear. 

The  B/Si  cation  ratio  obtained  from  INAA  versus  the  B/Si  cation 
ratio  (as  batched)  is  shown  in  Figure  6.9.  Lyogels  swelled  in  2. ON 
NaCl  solutions  have  much  higher  B/Si  cation  ratios  than  those  swelled 
in  0.0N  or  1.0N  NaCl  solutions.  Lyogels  swelled  in  0.0N  or  1.0N  NaCl 
solution  exhibit  B/Si  cation  ratios  which  are  identical  within 
experimental  error. 

D.   Discussion 

The  dried  samples  contain  the  sodium  and  chloride  ions  present  in 
the  lyogel  solvent.  This  results  in  a  higher  solids  content  due  to 
the  retention  of  sodium  and  chloride  ions  by  the  lyogel  upon  drying. 

Estimates  of   the  mass  ratio  of  electrolyte  solution  to  borosilicate 
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Figure  6.8.  Solvent  content  of  SiCyxB^  lyogels  as  a  function  of 

electrolyte  concentration  and  also  composition  results 
from  INAA  (modified  from  Ref.31). 
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solids  show  that  this  corrected  ratio  is  nearly  constant  with  respect 

to  electrolyte  concentration  for  SiO  and  siO,-7B?0o  lyogels.   The 

non-linearities  apparent  in  the  data  in  Figure  6.8  are  present  in  the 
corrected  data  although  much  less  distinct  [31]. 

The  swelling  behavior  is  controlled  by  the  electrolyte 
concentration  of  NaCl  swelling  solutions.  Increasing  electrolyte  in 
the  lyogel  solvent  negates  the  effects  of  the  surface  charges  at  the 
liquid-solid  interface  of  the  lyogel.  This  causes  a  specific 
adsorption  of  ions  and  compression  of  the  double  layer.  As  the 
effective  surface  charge  of  the  lyogel  is  reduced,  the  distance 
between  neighboring  segments  of  the  network  is  reduced.  The  result  is 
a  reduction  in  lyogel  volume  and  a  corresponding  decrease  in 
solvent/solids  mass  ratio. 

The  as-batched  compositions  are  significantly  higher  in  boron 

content  than  those  computed  via  INAA.   This  was  expected  from  the  data 

of  Nogami  and  Moriya   (Table  6.2A)  [50],   The  boron  content  of  the 

unrinsed  lyogels  discussed  herein  also  reveals  such  differences  (Table 

6.2B).   However,   the  boron  compositions  dropped  significantly  upon 

rinsing  the  residual  reactants  and  ethanol   from  the  lyogels.    For 

example,   a  dried  lyogel  having  an  as-batched  composition  of  SiO  -B  0 

2  2  3 

was  shown  to  have  a  composition  of  SiO  •0.27B  0  prior  to  rinsing  with 

water.  Following  equilibration  for  28  days  in  deionized  water,  the 
boron  content  of  the  lyogel  was  negligible. 
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Table  6.2A.   Chemical  Compositions  of  Borosilicate  Glasses 
[50], 

As-batched  Composition  Analyzed  Composition 

(mol  %)  (mol  *) 

Si02-0.176B203  Si02.0.17B203 

SiO  -0.25B  0„  SiO  -0.24B  0 

ceo  d                2  3 

Si02-0.43B203  Si02-0.30B203 

Si02.0.67B203  Si02-0.42B203 

Si02.B203  Si02.0.46B203 


Table  6.2B.   Chemical   Compositions  of  Unrinsed  Borosilicate 
Lyogels  (This  Work) . 


As-batched  Composition  Analyzed  Composition 
(mol  %)  (mol  *) 

Si<y0.25B203  S102-0B203 

Si02-0.75B203  Si02-0.26B203 


Si02-0.27B203 
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The  data  above  indicate  that  the  co-polymerization  reactions  at 
the  conditions  used  did  not  result  in  a  homogeneous  product.   Rinsing 

followed  by  swelling  followed  by  drying  at  110°C  resulted  in  a 
decreased  B/Si  cation  ratio.  Low  molecular  weight  boron-rich  species 
were  distributed  throughout  a  silicon-rich  lyogei  network,  and  more  of 
the  boron-rich  species  than  the  silicon-rich  species  is  being  removed 
by  rinsing  with  water.  Although  the  lyogels  described  above 
demonstrated  significant  differences  in  their  swelling  behavior  in 
electrolyte  solutions,  the  differences  in  the  boron  content  of  these 
lyogels  were  limited.  Therefore,  differences  exist  in  the  charge 
distribution  in  these  networks  as  a  consequence  of  the  addition  of 
boron  in  lyogei  synthesis  but  cannot  be  explained  as  a  direct 
consequence  of  the  boron  concentration  of  the  network  itself. 

As  the  NaCl  concentration  in  the  swelling  solution  increased,  the 

B/Si  cation  ratio  increased.  Depending  on  the  pH,  Na+  addition  causes 
boron  to  change  from  trigonal  to  tetrahedra]  coordination.  As 
discussed  previously  In  Section  D  of  Chapter  V,  tetrahedral  boron  is 
coordinately  saturated  and  cannot  participate  in  nucleophlllic 
dissociation  reactions  of  the  type  presented   there.    Formation  of 

sB-Na  species  is  consistent  with  these  data. 

The  results  of  this  chapter  show  that  boron  loses  during 
synthesis  and  processing  are  significant.  Chapter  VII  will  examine 
further  INAA  results  for  various  stages  of  the  overall  borosilicate 
lyogei  synthetic  process.  Arguments  will  be  presented  to  explain 
boron  losses  from  borosilicate  lyogels. 
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B.   Conclusions 

The  swelling  behavior  of  borosilicate  lyogels  is  affected  by  the 
lyogel  solvent  properties.  Additional  control  of  the  solvent  content 
of  the  lyogel  beyond  synthesis  appears  to  be  a  viable  option  for 
increasing  lyogel  densities  prior  to  drying  and  sintering. 
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CHAPTER  VII.  PROCESSING  OF  BOROSILICATE  LYOGELS:    INAA   SAMPLES   FROM 
GELATION  AND  POST -GELATION  STAGES 


A.  Introduction 

In  Chapter  VI  it  was  demonstrated  that  the  as-batched 
compositions  of  Si02-xB20  lyogels  differ  significantly  from  those 

determined  from  INAA.  It  is  obvious  that  boron  is  lost  during  the 
synthesis  and  subsequent  processing  steps.  Figure  7.1  shows  the 
overall  synthetic  procedure  for  synthesizing  and  processing  an 
Si02-xB203  lyogel •   Various  samples  from  different  stages  of  the 

overall  synthetic  process  were  analyzed  via  INAA  to  determine  their 
composition. 

B.  INAA  Sample  Preparation  and  Procedure 

As  discussed  in  Chapter  III.  irradiation  vials  were  cleaned  by 
rinsing  with  warm  tap  water,  deionized  water,  and  ethanol.  in  that 
order.  The  vials  then  were  air  dried.  All  handling  of  the  vials  was 
done  using  surgical  gloves.  The  vials  then  were  weighed  to  an 
accuracy  of  ±0.001g. 

Approximately  O.llOg  of  the  sample  was  placed  in  the  vial  using  a 
stainless  steel  spatula  and  a  plastic  funnel.  Care  was  taken  so  that 
no  sample  contacted  the  outside  or  top  of  the  vial.  A  0.127  mm 
diameter  tungsten  wire  was  wrapped  around  the  top  of  the  vial  and  the 
ends  of  the  wire  were  twisted  together.   Excess  wire  was  trimmed  off 
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Lyogel  Synthesis  I 

I  Gelation 
Rinsing! 


|  Swelling  | 


Drying 


Figure  7.1.  Schematic  diagram  of  overall  synthetic  procedure  for 
synthesizing  and  processing  borosilicate  lyogels. 
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using  scissors.   The  total  mass  was  determined  with  the  mass  of  the 
wire  being  obtained  by  difference. 

The  vial  was  placed  in  a  polyethylene  bag  to  prevent 
contamination  of  the  exterior  of  the  vial.  The  opening  of  the  bag  was 
twisted  and  taped.  A  label  was  affixed  over  the  tape.  The  samples 
were  irradiated  and  counted  as  described  previously  in  Chapter  III. 

C.   Results  From  INAA 

During  gelation  a  white  residue  was  observed  around  the 
tops  of  the  sealed  sample  vials.   The  residue  was  analyzed  for 
silicon,   and  it  was  assumed  that  the  remaining  mass  was  boron 
containing  species.   The  INAA  results  are  shown  in  Table  7.1.   The 
residue  is  approximately  99  weight  percent  borate. 

Table  7.1.   INAA  Composition  of  Residue  from  Top  of  Sealed  Vial. 

Sample    Mass  of       *Mass  of  Boron      Fraction  of  Boron 
Mass     Silicon      Containing  Species   Containing  Species 
(g)        (g)  (g) 

0.042        0.0002  0.042  0.995 

(+0.006)         (+0.007) 

0.056        0.0007  0.055  0.998 

(+0.006)         (+0.007) 
*  Mass  of  boron  containing  species  obtained  by  difference. 

Compositions  of   lyogels  that  were  not  rinsed  and  were  dried  at 

110*C  are  given  in  Table  7.2.   These  show  significantly  lower  B/Si 

cation  ratios,   ranging  from  0  to  0.54,  as  compared  to  the  as-batched 

ratios  (ranging  from  0.5  to  2).   These  losses  include  those   resulting 
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Table  7.2.   INAA  Composition  of  Unrinsed  and  Dried  Lyogels. 

As-batched    Sample  Constituent  Mass  (g)    Composition 
Composition    Mass   (+  maximum  experimental   Via  INAA 
(g)         error) 


SiO  -0.25B  0    0.113    0.118g  SiO^+O.OOl)      SiCyOB^ 


Si0o-0.75B„0o   0.106    0.082g  SiO„ ( +0 .008)     SiO  -0.259B  0 
0.025g  BO  "(+0.009) 


SiO  -B„0„       0.119    0.090g  Si0„(+0.004)     SiO  -0.27B  0 
2   2  3  d  d  c    3 

0.029g  B  0  *( +0.005) 
•Note:   Mass  of  BO  obtained  by  difference. 
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from  reesterif ication  to  a  volatile  borate  residue,  and  also  any 
losses  that  might  occur  during  synthesis  and  during  drying. 

Table  7.3  shows  a  comparison  between  unrinsed  lyogels  and  those 
rinsed  in  water  and  swelled  in  a  1.0  N  NaCl  solution.  Rinsing  and 
swelling,  followed  by  drying  at  HO'C,  reduced  the  B/Si  cation  ratio 
to  0.0  if  boron  was  present  in  the  unrinsed  lyogel. 

Table  7.3.   Comparison  Between  Unrinsed  Lyogels  and  Rinsed 
and  Swelled  Lyogels. 

B/Si  Ratio  as  Batched 

(0.5)  (1.5)   (2.0) 

Not  Rinsed,  dried  at  110°C     0.0   0.52   0.30 

Rinsed  and  Swelled  0.0   0.0    0.0 

dried  at  110*C 


Figure   7.2   summarizes   the  effects  of  processing  on  the 
composition  of  a  lyogel  batched  as  SiO  -B  0    The  B/Si  cation  ratio 

is  shown  after  gelation  and  drying  (0.54),  after  rinsing  and  drying 
(0.92),  and  after  rinsing,  swelling  and  drying  (0.0).  All  the  B/Si 
cation  ratios  are  significantly  different  than  the  as-batched  B/Si 
cation  ratio  of  2. 


D.  Discussion 

The  residue  composition  results  listed  in  Table  7.1  indicate  that 
the  residue  is  99  weight  percent  borate.  Borate  species  are 
reesterified  as  follows. 
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SI02  *  B203 


Synthesis 


Gelation 


I 


Rinsing  I 


(0.54) 


(0.92) 


(0.0) 


Figure  7.2.  Effects  of  processing  on  the  composition  of  a 
iyogel  batched  with  a  B/Si  cation  ratio  of  2 
The  numbers  in  parentheses  are  B/Si  cation  ratios 
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(CH30)2BOH  +  CH30H  %  B(OCH3)3  +  h^O  (1) 

This  reesterif ication  results  in  the  formation  of  voiatile 
borate,   B(OCH3)3   [55,56].   This  B(0CH3)3,   along  with  unreacted 

B(OCH  )   and  volatilized  Si(OC  H  )  ,  reacts  with  moisture  in  the  air 

to  form  the  silicon-boron  containing  residue  that  is  about  1*  silicon. 

The  following  reactions  help  to  explain  the  results  presented  in 

Table  7.3  [56]. 

+C  H  OH 
(R'0)B(OH)2  _H  p    ►  (R'0)(C2H50)BOH  (2) 

+C  H  OH 
(R'0)(C2H50)BOH  ^j-^ »•  (R'0)(C2H50)2B  (3) 

Replacing  R'  with  a  metal,  M,   results  in  the  following.   The 
lyogels  were  rinsed  initially  with  ethanol. 


tCHOH 
(M0)B(0H)2    H  |   »  (MO)(C2H50)BOH  (4) 

+C  H  OH 
(MO)(C2HgO)BOH    H  g   ►  (MO)(C2H50)2B  (5) 

The  amount  of  ethanol   in  the  rinsing  solution  was  decreased 

gradually  by  dilution  with  water  until   the  rinsing  solution  was 

essentially  pure  water.   Assuming  that  (C„H„0-)  is  more  reactive  than 

2  5 

(MO-)  would  result  in  reactions  of  the  following  type. 

(MO)(C2H50)2B  +  H20  -»•  (M0)(C2H50)B0H  ♦  C^OH  (6) 

(M0)(C2H50)B0H  +  H20  ->  (MO)B(OH>2  +  C  HgOH  (7) 

Letting  M  be  =B- ,  the  results  are  as  follows  [58], 
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C2H5-0;? 

C  H  OH  <■  =B-0-B=  *   =B-6-B=  <s  =B-OC2Hg  +  =B-OH  (8) 

(intermediate) 


HOH  *■  =B-0-B=  *f   =B-6-B=  *>  =B-OH  +  -B-OH  (9) 

( intermediate) 

Letting  M  be  ■  Si-,  results  in  the  following  [49]. 


C2V0;? 

sSi-6-B-  %  aSi-OC„H=  +  =B-OH  (10) 

2  9 

( intermediate) 


C2H5-0-H 

sSi-6-B=  %  sSi-OH  +  =B-OC  H  (11) 

(intermediate) 


■Si-6-B=  *>  =Si-OH  ♦  ^B  OH  (12) 

( intermediate) 


Upon  rinsing,   five  species  may  be  encountered.   They  are  the 
borosilicate  lyogel,  "Si-OC  H  ,  sSi-OH,  =B-OC  H  ,   and  =B-OH.   After 

rinsing,   only  the  borosilicate  lyogel  remains  in  large  fragments  and 
the  other  four  species  are  rinsed  away  with  the  rinsing  solution. 


E .  Conclusions 

Boron  is  being  lost  at  several  stages  during  the  overall  process. 
During  gelation,  reesterif ication  and  unreacted  boron  form  a  borate 
residue  at  the  tops  of  sealed  sample  vials.   During  rinsing  lower 
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molecular  weight  species  are  rinsed  away  and  only  the  borosilicate 
lyogel  remains.   Rinsing  and  drying  causes  both  boron  and  silicon 

loses  from  the   lyogel.    Rinsing,  followed  by  swelling,  followed  by 

drying  at  110  C  results  in  losses  of  both  boron  and  silicon  from  the 
lyogel . 
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CHAPTER  VIII.  FREEZE  DRYING  EXPERIMENT 
An  experiment  was  conducted   to  compare  oven-dried  lyogels  to 
freeze-dried  lyogels.   An  si02'B2°3  lv0£el  was  synthesized  following 
the  procedure  given  by  [40.50,64]  and  modified  by  Angell  [8]. 


A.  Experimental 

The  following  procedure  was  used  to  synthesize  the  SiO  B  0 


lyogel . 


Apparatus: 

(1)  3-neck  500  ml  flask 

(2)  tapered  glass  stoppers 

(3)  electric  stirrer,  variable  speed 

(4)  stirring  blade,  plastic 

(5)  water  bath,  constant-temperature  to  within  0.5°C 

(6)  thermometer 

(7)  glass  condenser  with  tapered  glass  stopper 

(8)  graduated  cylinder,  one  for  each  chemical  used 

(9)  50  ml  polypropylene  beakers,  polypropylene  stoppers 

(10)  ring  stand  and  clamps  to  support  electric  stirrer  and  hold 
3-neck  flask 

(11)  pump 

(12)  small  tank 

(13)  hoses 

(14)  1  liter  flask 
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(15)  model  10-MR-TR  Virtis  Freeze-dryer 


Materials: 

(1)  tetraethylorthosilicate,  Si(OC  H  ) 

(2)  trimethylborate,  B(0CH  )   99* 

(3)  ethanol,  C„H„OH,  100* 

2  5 

(4)  0.15  M  HC1  solution 
Preparation  of  equipment: 

(1)  Prepare  a  constant  temperature  water  bath  at  50°C. 

(2)  Partially  immerse  the  3-neck  500  ml  flask  in  the  constant 
temperature  water  bath. 

(3)  Mount  the  stirrer  to  the  ring  stand  and  position  it  so  that 
the  blade  does  not  hit  the  bottom  of  the  flask. 

(4)  Mount  the  condenser  on  top  of  the  flask  and  start  the  cooling 
water  through  the  condenser. 

(5)  Stopper  the  remaining  neck  of  the  3-neck  flask. 
Procedure: 


(1)  Pour  45  ml  of  Si(0C  H  )   into  the  flask. 

(2)  Start  the  stirrer  at  about  2  revolutions  per  second. 

(3)  Hydrolyze   the  Si(0C„H_),  by  adding  a  mixed  solution  of  10  ml 

2  5  4 
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(4)  Stopper  the  flask. 

(5)  Continue  to  stir  this  mixture  at  50°C  for  1  hour. 

(6)  Add  45  ml  of  B(OCH  )   to  the  hydrolyzed  solution. 

(7)  Continue  to  stir  this  mixture  at  50°C  for  2  hours. 

(8)  Add  5  ml  0.15  M  HC1  solution. 

(9)  Continue  to  stir  this  mixture  at  50*C  for  1  hour. 

(10)  Pour  25  ml  portions  of  the  liquid  gel  solution  into  the  50 
ml  polypropylene  beakers. 

(11)  Seal  the  beakers  with  polypropylene  stoppers. 

(12)  Set  the  beakers  aside  and  allow  gelation  to  proceed. 

(13)  When  the  gels  are  viscous  enough  that  they  do  not  change 
shape  when  the  50-ml  beakers  are  turned  upside  down,  remove 
the  gels  for  further  processing. 

(14)  Prepare  four  samples  as  shown  in  Table  8.4. 

Table  8.4.   Freeze  Drying — Oven  Drying  Comparison  Experiment. 
Sample  A  Sample  B 

Unrinsed  Rinsed 

Oven  Dry       Sample  A'  Sample  B' 

Freeze  Dry     Sample  A'1  Sample  B'1 
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(15)  Sample  A:  Take  the  lyogel  from  one  of  the  50-ml  beakers  and 
split  it  into  2  parts  (Sample  A',  Sample  A'').  Prepare  for 
INAA  as  described  previously  in  Section  B  of  Chapter  III. 

(15a)  Sample  A':  Oven  dry  at  110°C  until  constant  weight. 
Prepare  for  INAA  as  described  previously  in  Section  B  of 
Chapter  III. 

(15b)  Sample  A'1:   Freeze  dry  under  a  100  millitorr  vacuum  at 

40°C.  Slowly  heat  the  sample  to  25°C  while  maintaining  the 
100  millitorr  vacuum.  Dry  until  constant  weight.  Prepare 
for  INAA  as  described  previously  in  Section  B  of  Chapter 
III. 

(16)  Sample  B:  Take  the  lyogel  from  another  50-ml  beaker  and 
split  it  into  2  parts  (Sample  B1,  Sample  B''). 

(16a)  Place  Samples  B'  and  B'1  into  a  small  tank  with  pure 
ethanol.  Slowly  pump  fresh  water  into  the  tank  while 
slowly  pumping  rinsing  solution  out  of  the  tank.  This  will 
gradually  dilute  the  pure  ethanol  to  essentially  pure 
water.  Continue  dilution  until  the  effluent  from  the  rinse 
tank  is  less  than  1  percent  ethanol. 
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(16b)  Remove  Sample  B'  from  the  rinsing  solution  and  oven  dry  at 
110°C  until  constant  weight.  Prepare  for  INAA  as  described 
previously  in  Section  B  of  Chapter  III. 

(16c)  Remove  Sample  B' '  from  the  rinsing  solution  and  freeze  dry 
as  described  in  Step  15(b)  until  constant  weight.  Prepare 
for  INAA  as  described  previously  in  Section  B  of  Chapter 
III. 


B.  Freeze  Drying  Experiment  Results 

The  results  of  this  experiment  are  shown  in  Table  8.5.  The 
unrinsed  Iyogels  have  virtually  the  same  composition  (B/Si  cation 
ratio  of  about  0.5),  as  determined  by  INAA,  regardless  of  the  drying 
process  employed.  The  rinsed  and  dried  Iyogels  also  have  a  different 
measured  B/Si  cation  ratio  than  the  as-batched  ratio  of  2.  The 
measured  B/Si  cation  ratios  were  0.92  and  1.90. 

C.  Discussion 

Once  again,  the  as-batched  composition  for  the  unrinsed  and  dried 
lyogel,  a  B/Si  cation  ratio  of  2,  is  significantly  different  from  the 
measured  B/Si  cation  ratio  of  about  0.5.  This  difference  can  be 
attributed  to  volatile  borate  formation  during  synthesis  and  gelation, 
as  well  as  any  losses  that  occur  during  the  drying  process.   These 
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Table  8.5.   Comparison   Between  Freeze-Dried  Lyogels  and 
Oven-Dried  Lyogels  (batched  as  SiO  -B  0  ). 


Sample         Sample  SiO  Mass  'BO,  Mass     Molar 


Mass      (g)         (g)     Composition 
(g) 


Not  rinsed,      0.119  0.090      0.029       SiO  -0.27B  0 

2       2  3 
dried  at  110'C        (+0.004)    (+0.005) 


Not  rinsed,      0.111  0.087      0.024       SiO  -0.238  0 
freeze  dried  (+0.004)    (+0.005) 


Rinsed,  dried    0.113  0.074      0.039       SiO  -0.46B  0 

2       2  3 


(+0.004)    (10.005) 


Rinsed,  freeze   0.111  0.053      0.058       SiO  -0.956  0 
dried  (+0.003)    (+0.004) 


♦Mass  of  BO  obtained  by  difference. 
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lyogels  have  essentially  identical  compositions,  regardless  of  the 

drying  process  employed.   This  suggests  that  the  mechanisms  for  boron 

or  silicon  losses  due  to  drying  are  similar  during  drying  at  HO^C  and 

during  freeze  drying. 

The  results  for  the  rinsed  and  dried  lyogels  can  be  explained  by 

the  rinsing  reactions  (4)  to  (12)  of  Chapter  VII.   Upon  rinsing,   five 

species  may  be  encountered.   They  are  the  borosilicate  lyogel ,  =Si- 

OC  H  ,   eSi-OH,   =B-OC  H= ,   and  =B-OH.   After  rinsing,   only   the 
2  5  2  5 

borosilicate  lyogel   remains   in  large  fragments  and  the  other  four 

species  are  rinsed  away  with  the  rinsing  solution.  A  graduate  student 

in  the  author's  research  group,  Barbara  Angell,  observed  that  a  filter 

with  a  nominal  cutoff  molecular  weight  of  10,000  continually  clogged 

during  the  rinsing  process.   This  suggests  that  some  or  all  of  the 

species  rinsed  from  the  lyogel,  namely  =Si-0C  H  ,  =Si-0H,  =B-0C  H  ,  or 

=B-OH,  are  oligomers  and  not  merely  ions  in  solution. 

Also,   these  results  show  that  rinsing  and  drying  produces 

products  of  different  compositions  depending  on  the  drying  process 

employed.   The  unrinsed  and  dried  lyogels  have  essentially  identical 

compositions,   regardless  of   the  drying  process  employed.    It  is 

reasonable  to  assume  that  the  unrinsed  lyogels  had  essentially  the 

same  compositions  prior  to  any  further  processing.   After  rinsing  and 

drying  the  B/Si  cation  ratio  for  the  freeze  dried  lyogel,   1.90,   is 

more  than  double  that  of  the   lyogel  dried  at  110°C,  0.92.   This 

suggests  that  more  silicon  is   lost  during  the  rinsing  and  freeze 

drying  processes  and/or  that  more  complete  condensation  reactions 

occur  for  =Si~0-B^  type  species.   More  complete  condensation  reactions 
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for  boron  species  would  result   in  an  increase   in  BO  and  thus 

increase  the  B/Si  cation  ratio.  Rinsing  followed  by  freeze  drying 
results  in  a  B/Si  cation  ratio  that  is  very  close  to  the  as-batched 
cation  ratio  of  2. 

Comparing  the  unrinsed  lygels  to  those  rinsed  shows  that,  the  B/Si 
cation  ratio  is  larger  for  the  rinsed  gels.  This  implies  the 
following.  Firstly,  more  silicon  than  boron  may  be  lost  during  the 
rinsing  process.  Secondly,  more  complete  condensation  reactions  may 
occur   for  ■Si-0-B=  type  species,  resulting  in  an  increase  in  BO  and 

thus  increasing  the  B/Si  cation  ratio.  It  may  be  possible  that  both  a 
loss  of  silicon  and  more  complete  boron  species  condensation  reactions 
occur,  or  that  only  one  of  these  takes  place. 

D.   Conclusions 

Rinsing  followed  by  freeze  drying  results  in  a  product 
composition  that  is  very  close  to  the  as-batched  composition.  The 
unrinsed  and  dried  lyogels  have  virtually  the  same  composition.  This 
indicates  that  the  mechanisms  for  boron  or  silicon  losses  due  to 
drying  are  similar  during  drying  at  110*C  and  during  freeze  drying. 
When  the  lyogels  are  rinsed  and  dried,  the  results  depend  on  the 
drying  process  employed.  Rinsing  results  in  lower  molecular  weight 
species  being  rinsed  away,  with  only  the  borosilicate  lyogel 
remaining. 
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CHAPTER  IX.  SiO   LYOGELS  VIA  CO-PRECIPITATION 


A.   Background 

The  gels  that  have  been  discussed  to  this  point  have  been 
borosilicate  Type  II  polymeric  gels  [36].  The  chemical  reactions 
leading  to  polymerization  and  network  formation  took  place  throughout 
a  liquid  solution.  Active  species  slowly  built  up  an  inorganic 
network  by  eliminating  alkyl  groups  from  the  structure  by  chemical 
reaction.  If  the  reaction  rate  and  behavior  is  such  that  continuity 
was  manintained,  a  gel  formed.  As  described  in  Chapter  V,  Section  A, 
the  product  remains  in  solution  because  of  the  absence  of  sufficient 
hydroxl  groups  to  complete  polymerization.  After  all  gel  constituents 
were  added  and  oligomers  were  formed,  excess  water  was  added  to  remove 
the  remaining  -OR  groups.  This  causes  the  solution  to  polymerize 
further  to  a  clear  gel. 

These  gels  are  homogeneous  and  consist  of  one  liquid  phase. 
Yoldas  [40]  has  determined  regions  of  clear  solution  and  precipitate 
when   solutions   having   various  Si(OC  H  )  /B(0CH  )   ratios  were 

hydrolyzed  with  different  amounts  of  water  (Figure  9.1).  No  other 
results  concerning  these  data  are  given  in  that  paper  or  in  others. 
The  material  presented  in  this  chapter  is  an  extension  of  the  work 
done  by  Yoldas  [40].  The  goal  was  to  ascertain  the  composition  of  the 
precipitate  and  the  composition  of  the  clear  solution  corresponding  to 
a  given  point  located  above  the  line  in  Figure  9.1. 

The  hydrolysis  of  metal  alkoxide  solutions  also  provides   insight 

into  the  mechanism  of  reactions  taking  place.   Yoldas   [40]  has 
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discussed  this  in  detail  and  the  following  is  a  summary  of  his 

findings.   Figure  9.1   [40]   shows  the  regions  of  clear  solution  and 

precipitate  when  solutions  having  various  Si(OC^H^) ,/B(0CH„)„  ratios 

<z    D  4       3  3 

were  hydrolysed  with  different  amounts  of  water.   The  line  separating 

clear  solutions  from  those  that  have  precipitates  is  given  by 

M 

HO        BM 

Ml  "l 

where:   M    =  moles  of  water 
H2° 

M    =  moles  B(0CH  ) 

M    -  moles  of  Si(0C  H  ) 

A    =  intercept 
B    =  slope 
If  M  is  one  mole  Eq.  (1)  becomes  (see  Figure  9.1) 

MH20=4M2+1-5  <2> 

This  means  that  1.5  moles  of  HO  are  required  to  condense  1  mole  of 

B(0CH  )  ,  and  that  approximately  4  additional  moles  of  water  are 

required  per  mole  of  Si(0C  H  )  added.   These  numbers  give  information 

about  the  nature  of  the  hydrolysis  products.   For  example,   the 
hydrolysis  product  of   1  mole  of  B(0CH  )   is  an  oxide  rather  than  a 

hydroxide  [40],  requiring  1.5  moles  of  water  per  mole  of  B(0CH  )  : 
B(0CH3)3  i-  1.5  H20  -*  |b203  +  3CH30H  (3) 
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B.   Experimental 


B .  1 .   Experimental   Procedure  for  SiO  -xB  0  I.yogel  Synthesis  Via  Co- 
precipitation 

SiO  -xB  0   lyogels  were  prepared  via  co-precipitation  according 

to  the  procedure  below.   All  quantities  of  reactants  were  kept  the 
same  as   in  Section  A  of  Chapter  VIII  (procedure  for  SiO  -B  0   lyogel 

synthesis)  except  that  the  moles  H  O/moles  B(OCH  )   ratio  was  changed 

so  that  a  precipitate  would  form.   This  corresponds  to  the  point  6 

moles  H  07  mole  B(0CH  )   and  0.514  moles  Si(0CH, )  V  mole  B(0CH  ) 
■  J  «j  2  5  4  33 

located  on  Figure  9.1. 

Apparatus : 

(1)  Test  tube  block  heater 

(2)  Test  tubes  and  stoppers 

(3)  50-ml  polypropylene  beakers  and  polypropylene  stoppers 

(4)  Thermometer 
Materials: 

(1)  tetraethylorthosilicate,  Si(0C  H  ) 

(2)  trimethyi  borate,  B(0CH  )  ,  99* 

(3)  ethanol,  C  H  OH,  100* 

2  5 

(4)  0. 15  M  HC1  solution 


L12 


Procedure: 

(1)  Place  test  tube  in  block  heater  and  set  temperature  at  50°C. 
Walt  until  temperature  is  constant. 

(2)  Pour  4.09  ml  of  Si(0C  ir),  into  test  tube. 

2  5  4 

(3)  Hydrolyze  the  Si(0C  H  )   by  adding  0.91   ml  of  C  H  OH 
containing  1.93  ml  of  0.15M  HC1  solution. 

(4)  Mix  well  and  stopper  test  tube. 

(5)  Mix  every  5  minutes. 

(6)  After  1  hour,  add  4.09  ml  of  B(0CH  )   and  mix  well.   Stopper 
test  tube. 

(7)  Mix  every  5  minutes. 

(8)  After  2  hours,   add  1.93  ml  of  0.15  M  HC1  solution  to 
complete  hydrolysis. 

(9)  Mix  well  and  stopper  test  tube. 

(10)  Mix  every  5  minutes. 

(11)  After  1  hour  remove  solution  from  test  tube  and  pour  it  into 
polypropylene  beakers. 

(12)  Seal  the  beakers  with  polypropylene  stoppers. 

(13)  Wait  18  hours. 

(14)  Separate  clear  solution  from  precipitate. 

(15)  Place  clear  solution  in  polypropylene  beakers  and  seal   them 
with  stoppers.   Let  solution  gel. 

(16)  After  solution  has  gelled,   dry  at  HO^C  until  constant 
weight. 

(17)  Rinse  precipitate  with  pure  ethanol . 


(18)  Dry  precipitate  at  HO'C  until  constant  weight. 
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B.  2  .   INAA  Sample  Preparation  and  Procedure 

Irradiation  vials  were  cleaned  by  rinsing  with  warm  tap  water, 
deionized  water,  and  ethanol ,  in  that  order.  The  vials  then  were  air 
dried.  All  handling  of  the  vials  was  done  using  surgical  gloves.  The 
vials  then  were  weighed  to  an  accuracy  of  iO.OOlg. 

Approximately  O.llOg  of  the  sample  was  placed  in  the  vial  using  a 
stainless  steel  spatula  and  a  plastic  funnel.  Care  was  taken  so  that 
no  sample  contacted  the  outside  or  top  of  the  vial.  A  0.127  mm 
diameter  tungsten  wire  was  wrapped  around  the  top  of  the  vial  and  the 
ends  of  the  wire  were  twisted  together.  Excess  wire  was  trimmed  off 
using  scissors.  The  total  mass  was  determined  with  the  mass  of  the 
wire  being  obtained  by  difference. 

The  vial  was  placed  in  a  polyethylene  bag  to  prevent 
contamination  of  the  outside  of  the  vial.  The  opening  of  the  bag  was 
twisted  and  taped.  A  label  was  affixed  over  the  tape.  The  samples 
were  irradiated  and  counted  as  described  previously  in  Chapter  III. 

C.  Results 

The  INAA  results  are  given  in  Table  9.1.  They  show  that  the 
clear  gel  solution  is  SiO  and  that  the  precipitate   is  SiO  -xB  0  . 

These  indicate  that  the  clear  gel   contained  no  boron  (within  an 
experimental  error  of  2  percent). 

The  precipitate  is  white  and  is  more  dense  than  the  clear 
solution.  The  precipitate  is  soluble  in  water  when  rinsed.  The  co- 
precipitation  reaction  was  completed  within  18  hours.   The  clear 
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solution  gelled,  above  the  white  precipitate,  in  13  days.   The  clear 
gel  exhibited  syneresis. 


Table  9.1.   INAA  Results  for  Precipitate  and  SiO  -xB  0 

2   2  3 

Lyogel  (Batched  with  the  molar  ratio  of 

TEOS:H20:B(OCH3)3  of  0.514:6:1). 

Sample  Composition  Via  INAA 


Clear  Gel  Solution  Sample  #1  S10  -OB  0 

2   2  3 

Clear  Gel  Solution  Sample  #2  SiO  -OB  0 

2    2  3 

Precipitate  Sample  #1  SiO  -3.4B  0 

2     2  3 

Precipitate  Sample  #2  SiO  -3. OB  0 

2     2  3 

D.  Discussion 

Yoldas  [40J  has  defined  the  regions  of  clear  solution  and 
precipitation  (Figure  9.1).  He  did  not  present  any  data  or  results 
showing  the  composition  of  the  precipitate  or  of  the  clear  solution, 
nor  did  he  present  any  data  regarding  gelation  of  the  clear  supernate. 

Yoldas  [40]  has  discussed  lyogel  formation  via  co-precipitation. 
Much  of  the  following  is  based  upon  the  work  of  that  paper.  When 
B(0CH3)3  reacts  with  water,  a  series  of  intermediate  species,  such  as 

B(0CH3)2OH,  B(0CH3)(0H)2  and  B(0H)    initially  form  depending  upon  the 

extent  of  the  hydrolysis  reaction.   For  example,  one  such  reaction  is 
the  following. 

CH  0  CHo0 

\  \ 

.B-OCH   ♦  HO  — »■      ,B-0H  ►  Cll  OH  (4) 

chV    j   2     chV       3 

J  3 
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The  relative  concentrations  of  each  species  wili  depend  on  the 
availability  of  water  and  the  dilution  of  the  system.  By  diluting  the 
alkoxides  and  the  water  with  alcohol  before  mixing,  it  is  possible  to 
control  the  product  species  and  extent  of  initial  hydrolysis  in  these 
reactions.  Initial  species  immediately  undergo  a  series  of 
condensation  reactions  resulting  in  the  formation  of  secondary  species 
with  bridging  oxygens.  For  example, 

CH30     0C2„5 

B—  |  OH  t  C  H  |0— $i OC  ,H_  — »■ 

CHO'    | f__l    OC  H    Z  5 

J  2  5 

CH3°       °C2H5 

B-O-ii OC  H   *  C  H  OH  (5) 

CH3°       Kh 


The  formation  of  initial  intermediate  species  and  their  condensation 
to  form  polymer  chains  can  be  represented  by  the  following  general 
equations. 


3Si-0-B(0CHI   +  mil  0— »-=Si-0-B(0CH  )    (OH) 
J  c.  c  3  2-y    y 

+  yCH30H  +  (m-y)H20  (6) 

*Si-0-B(0CH  )    (OH)   +  nH  0  — »-=Si-0-B(  0CH„ )   (OH) 

"^y   y    ^  3x    y 

+  (2-y-Xl)CH30H  +  (n-y  +y)H  0       (7) 
where:   0<y<2 


In   this   system,   -0CH3  and  OH   groups  cannot  coexist   in 
significant  quantities.   They  react  with  each  other  and  form  bridging 
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oxygens,  while  releasing  alcohol  (see  Reaction  5),  until  one  of  the 
groups  is  completely  eliminated.  Two  outcomes  are  possible.  If  the 
species  contain  sufficient  hydroxl  groups  (If  y.>x.  in  Reaction  7), 

polymerization  continues  until  all  -OCH  groups  are  removed  from   the 

network.  Thus,  precipitation  of  a  silicon-boric  oxide  occurs. 
However,  if  there  are  an  insufficient  number  of  hydroxl  groups  to 
remove  all  the  -OCH  groups  (if  x  >y  in  Reaction  7),  then  the  polymer 

network  contains  -OCH  groups  in  the  structure.   When  this  occurs  the 

network   remains   soluble  in  alcohol  and  available  for  further 

polymerization.    A   schematic   representation    of  precipitate 

borosilicate  and  soluble  and  polymerizable  species  from  a  sSi-O- 
B(OCH  )   intermediate  is  shown  in  Figure  9.Z. 

The  clear  gel  contains  no  boron.   It  is  a  silica  lyogel  and  forms 
above  the  SiO  -nB  0  precipitate,  which  collects  on  the  bottom  of  the 

sample  vial.  The  silica  lyogel  shrinks  as  it  polymerizes  and 
undergoes  condensation  reactions.  The  increase  in  bridging  oxygen 
bonds  causes  the  gel  network  to  contract  [65].  As  this  shrinkage 
proceeds  liquid  is  expelled  from  the  pores,  and  syneresis  is  observed. 
The  white  SiO  -3B  0   precipitate  is  soluble  in  water  when  rinsed. 

This  behavior  is  quite  different  from  a  SiO  -3B  0  lyogel,  which  would 

not  dissolve  upon  rinsing.  The  lyogel  would  partially  dissociate  when 
rinsed  but  would  not  dissolve.  So,  it's  possible  to  make  two 
distinctly  different  materials,  namely  a  precipitate  and  a  lyogel, 
with  the  same  composition  and  have  markedly  different  properties. 
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aSi-0-B(OCH.)„  +  mHo0  hVdroIysis,  HSi-o-BfOCH  Jn 

o  d.  <l     -^ j  2-y 


SiO2.nB203  ♦  XlCH30H' 


(white  precipitate) 


♦  yCHgOH  *■  (m-y)H20 


polymerization 


sSi-0-B(0CH  )   (OH) 

3  Xj    yj 


+  (2-y-x  )CH  OH 


(B) 
(if  Xj  >  y^ 


"?cIea?P  +    <VX2)CH30H 


(C) 
poiymerization 


Si02.0B203 


(clear  gel) 


where :   o  <  y  <  2 


Figure  9.2.   Formation  of  Si02-nB203  precipitate  (A);  and  a  clear  gel 

(C)  containing  polymerizing  species  (B)  by  the  hydrolysis 

of  a  «Si-0-B(OCH  )    intermediate   (modified  from  Ref . 
[44]). 
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E.   Conclusions 

A  lyogel  and  a  co-precipitate  may  be  produced  by  increasing  the 
water  available  for  hydrolysis.  If  all  other  variables  are  held 
constant,  it  is  the  amount  of  water  that  is  the  critical  parameter  in 
determining  whether  a  lyogel  is  produced  or  a  lyogel  and  a  co- 
precipitate  are  produced.  A  lyogel  forms  above  the  co-precipitate 
product.   The  lyogel  is  SiO  and  the  co-precipitate  is  SiO  -3.2B  0  . 
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CHAPTER  X.   CONCLUSIONS 

An    Instrumental    Neutron   Activation  Analysis  technique  was 

developed  to  determine  the  composition  of  borosilicate  lyogels.    Si, 

Na,  and  Cl  masses  were  determined  and  the  mass  of  BO  was  obtained  by 

difference.  It  was  assumed  that  silicon  has  a  single  valence  of  +4 
and  that  boron  has  a  single  valence  of  +3.  These  results  showed  that 
the  final  lyogel  composition  has  significantly  less  boron  than  the  as- 
batched  lyogel  composition.  Thus  boron  is  lost  from  the  lyogel  during 
the  overall  synthetic  process. 

Formation  of  volatile  boron  species  is  one  source  of  boron  loss. 
The  residue  formed  around  the  tops  of  sealed  sample  vials  during 
gelation  was  found  to  be  99  percent  boron  containing  species.  Also, 
the  results  for  boron  or  silicon  losses  are  similar  during  drying  at 

110  C  and  during  freeze  drying. 

Rinsing  results  indicated  that  the  B/Si  cation  ratio  was 
increased  after  rinsing.  Either  more  silicon  than  boron  is  lost  from 
the  lyogel  during  rinsing,  or  the  condensation  reactions  for  boron 
containing  species  are  proceeding  during  rinsing,  or  both. 

Rinsing  followed  by  swelling  resulted  in  a  decreased  B/Si  cation 
ratio.  This  suggests  that  more  boron  than  silicon  is  being  lost  from 
the  lyogel  during  rinsing  and  swelling.  As  the  NaCl  concentration  in 
the  swelling  solution  increased,   the  B/Si  cation  ratio  increased. 

Depending  on  the  pH,  Na  addition  causes  boron  to  change  from  trigonal 

to   tetrahedral  coordination.   Tetrahedral  boron   is  coordinately 

saturated  and  cannot  participate  in   nucleophillic  dissociation 
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reactions  of  the  type  discussed  in  this  research.   Formation  of  sB-Na 
species  is  consistent  with  these  data. 

In  addition,  a  lyogel  and  a  co-precipitate  may  be  produced  by 
increasing  the  water  available  for  hydrolysis.  If  all  other  variables 
are  held  constant,  it  is  the  amount  of  water  that  is  the  critical 
parameter  in  determining  whether  a  lyogel  is  produced  or  a  lyogel  and 
a  co-precipitate  are  produced.  A  lyogel  forms  above  the  co- 
precipitate  product.   The  lyogel  is  SiO   and  the  co-precipitate   is 

Si02.3.2B203. 

Lastly,  it  has  been  demonstrated  that  there  is  a  significant 
difference  between  the  as  batched,  intermediate,  and  final  lyogel 
compositions.  This  makes  it  difficult  to  obtain  a  product  having  a 
specified  composition  or  reproducable  properties.  It  is  clear  that 
each  step  in  the  overall  process  affects  the  final  lyogel  composition. 
Thus  the  changes  that  occur  at  each  step  must  be  understood  in  detail. 
Only  then  will  it  be  possible  to  obtain  reproducable  products  with 
specified  compositions. 


121 


FUTURE  WORK 


XI.      FUTURE     WORK:      CLOSING     THE    MATERIAL    BALANCE 
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CHAPTER  XI.   FUTURE  WORK:   CLOSING  THE  MATERIAL  BALANCE 

A.  Introduction 

The  composition  of  a  borosiiicate  lyogel  has  been  determined 
after  gelation  and  drying,  and  after  it  has  been  rinsed,  swelled  and 
dried.  However,  these  data  do  not  yield  enough  information  to  close  a 
material  balance  for  the  process.  The  processing  steps  must  be 
modified  slightly  to  obtain  the  desired  data.  Figures  11.1  and  11.2 
illustrate  the  modified  overall  synthetic  procedure  for  synthesizing 
and  processing  a  borosiiicate,   SiO  -xB  0  ,   lyogel.   Table   11.1 

summarizes  the  available  data  and  the  data  which  must  be  acquired  to 

close  the  material  balance. 

where: 

1MIN   =   MSK0C2H5)4    +    MB(0CH3)3    +   MH20    +    "c^OH 
lMOUt    =    l'°Si(OC2H5)4    +    imB(0CH3)3    *    l"1Si02 

1Y    =    iySl(0C2H5)4    *    iyS102    *    iyB(OCH3)3    *    iyB203 

1VH20    *    1YCH30H    +    iyC2H   OH    +    1VC 

2Y   =   2ySi(0C2H5)4   +   2ysl02    +   2yB(0CH3)3   +   2yB,,03 

2VH„0    +    2YCHo0H    +    2yC,H   OH    +    2VC 
£.  6  2    5 
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Table  11.1.  Summary  of  Available  Data  and  Data  to  Be  Acquired  to 
Close  The  Material  Balance  For  The  Entire  Synthetic 
Process  (See  Figures  11.1  and  11.2). 


Available  Data         Data  To  Be  Acquired 


M.M.H  YYYYY 

1  IN'   i'  1  out         1  '  2  '  3  '  4  "  5 


„M  M 

3  out  5  out 


6  out 


9  out 
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2Mout    *    2mSi(0CH .).    +    aVoCH)       +    2mSi0o    +    2mB2°3 


2   HO         2    C   H   OH         2    CH    OH         2    C 


3Y  "  3ySl(0C2H5)4  +  3VSi02  +  3VB(0CH3)3  +  3yB203 


V      +   V         +   V  +■   V 

3yH  0    3yCH  OH    3yC  H  OH    3yC 
c  J  2  5 


3Mout  =  3lnSi(0C2H5)4  +  3mSi02  +  3mH20  +  3*C  H.OB 


+  3mCH,0H  +  3\    +  3raB(OCHJ  +  3mB  n 
o  o        2  3 


2MIN   ZC2H5OH  +  ZH20 


4  out    4"'Si02    4™B203    4"'H20    4"'c 


5Mout  =  5n,Si(OC2H5)4  +  5mB(0CH3)3  +  sVo.,  +  5mB203 


+  5mH20  +  5,»C2H50H  +  5mCH30H  +  5*0 


Y  =   v     +   v     +v    +      v      +      v 
4     4 'Si02    4yB203    4yH20    4yC    4ySi(0C2Hg)4 


4yB(0CH3)3    4yC2Hg0H    4yCH30H 


6Mout  =  6mSiO?  +  6mBn,  +  S-'C  +  6mSi(0C  H  >   +  6Vo 
m  Co  2  5  4       2 


6  B(OCH3)3    6"C2Hg0H    6  CHgOH 


4  IN     NaCl     HO 


7Mout  =  7mSi02  +  7mB203  +  7mH20  +  1™C    +  7™Na+  +  7mCr 


+  7mSi(OC2H5)4  +  7n,B(0CH3)3  *  ^C^W   +  7MCH30H 
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8Mout  =  8mSiO,  +  8mB  0   +  8mH ,0  +  8mC  +  8V+  +  S^l" 


2       2  3 


p.Y=y.   +y     +  v    +  v  -t-  v 

5     5'SlO,,    5yB203    5yH20    5yC    5ySi  (OC.,H5  >4 

+  5VB(0CH3)3  +  5VC2H50H  +  5VCH30H 

9Mout  =  9",Si02  +  9mB203  f  9raH20  +  9mC  *  oW  +  9^1 

+  9mSi(0C2H5)4  +  9mB(OCH3)3  +  g^HgOH  +  g^OH 

M  ■  total  moles  at  stage  "a" 
M.  =  initial  moles  of  species  "i" 

Y  =  total  moles  of  vapor  at  stage  "a" 

y  =  moles  of  species  "i"  vaporized  at  stage  "a" 

anij  =   moles  of  species  "i"  not  vaporized  at  stage  "a" 

w  ,z  •  moles  of  species  "i"  added 

subscript  "c"  =  "attached"  carbon,  or  carbon  that  remains  attached  to 
silicon  species  after  hydrolysis  reactions  are 
completed  and  the  samples  dried. 

Consider  the  following  simplified  reactions. 

S1(0C2H5)4  +  (2-3a)  H20  %  Si022a  +  (4-a)  C^OH  +  2aC(s)      (1) 

2B(0CH3)3  +  3H20  H   B^  +  eCHjOH  (2) 

where  C(s)  is  "attached"  carbon  or  carbon  that  remains  attached  to 
silicon  species  after  hydrolysis  reactions  are  completed  and  the 
samples  dried.  For  simplicity  Reactions  (1)  and  (2)  neglect  details 
f  the  polymerization  reactions.  X  is  the  fractional  conversion  of 
species  "i"  and  is  defined  as 
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o 


N(ln  -  N.°Ut 

xi=- iTT-  <3) 


where  N    «  moles  of  reactant  i  in  inlet  stream 


N.    =  moles  of  reactant  i  in  outlet  stream 


B.   Suggested  Chemical  Analyses 

Dr.  Steven  Hughes  and  Dr.  Robert  Fry  of  the  Department  of 
Chemistry  at  Kansas  Stte  University,  and  Dr.  John  Schlup  of  the 
Department  of  Chemical  Engineering  at  Kansas  State  University  were 
consulted  to  determine  possible  methods  of  chemical  analyses.  It 
should  be  noted  that  using  reagents  during  the  chemical  analyses  of 
borosilicate  lyogels  changes  the  nature  and  make-up  of  these  lyogels. 
This  makes  conclusions  more  difficult.  Thus  it  is  desirable  to  avoid 
any  "destructive''  types  of  analysis. 

Samples  containing  C_H.OH,CH,OH.Si (OC„H  )   and  B(OCH)   can  be 

2  5      o  d    5  4  o 

analyzed  by  gas  chromatography  in  conjunction  with  mass  spectroscopy 
or  emission  spectroscopy.  "Attached"  carbon  can  be  analyzed  via  NMR 
spectroscopy.  Boron  and  silicon  in  liquid  samples  can  be  analyzed  by 
using  plasma  emission  spectroscopy.  Silicon,  sodium  and  chlorine  in 
dried  solid  lyogels  can  be  analyzed  via  INAA.  Sodium  in  liquid 
samples  can  be  extracted  into  aqueous  solution  and  analyzed  by  flame 
emission   spectroscopy.    Chlorine   in  liquid  samples  can  be  extracted 

into  aqueous  solution  and  analyzed  by  coulometric  analysis.   OH 
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groups  can  analyzed  by  putting  the  sample  in  aqueous  solution  and 
performing  an  acid-base  titration  using  a  pH  indicator. 

C.  Material  Balance  Around  Reaction  Flask 

As  indicated  in  Figure  11.1,  the  total  material  balance  around 
the  reaction  flask  is 

1MIN  '  1Y  +  lMout  <*> 

The  component  balances  are  as  follows.   The  details  are  given  in 
Section  A  of  Appendix  E. 

iySl(OC2H5)4  =  MSi(OC2H5)4  "  imSKOC2H5)4  "  ^SiO.,  (5) 


(iir)  imc  "  iVh.oh  +  Mc 


1VC   H   OH    =    liTJ     imC    "    I'cjnH    +   MCH    OH  <6» 
£.    a                                                   do                   2    5 

iyB(OCH3)3  '  MB(0CH3)3  "  l^BfOCHgJg  ""  VBjOj  (7) 

lVCH3OH  =  8imB203  "  1™CH30H  <8) 

1VH20  =  MH20  "  l"H20  "  (2-3a)lmSi02  -  5(imCH3OH  +  I^ya'    (9) 

The  recommended  methods  for  complete  analysis  are  summarized  in  Table 
11.2. 


D.  Material  Balance  Around  Sample  Vial 

As  indicated  in  Figure  11.1,  the  total  material  balance  around 
the  sample  vial  is 

lMout  "  2Y  +  2Mout 

The  component  balances  are  as  follows.   The  details  are  given  in 

Section  B  of  Appendix  E. 
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Table  11.2  Summary  of  Results  for  Material  Balance  Around  Reaction  Flask. 


Already  Measurements  to  make  Quantity  to  be  obtained 

meas  r  ng   (wjth  recommended  method  of  analysis)       from  material  balance 


M        J...  (plasma  emission  spectroscopy)      .y..,..  „  .   from  Eq.  (5) 
(reactants)      2  2  5  4 


(plasma  emission  spectroscopy)      y  „  „„  from  Eq.  (6) 
1  C2H50H 

.   (ga3  chromatography  with 
2  5  4   mass  spectroscopy) 

(gas  chromatography  with 


,.     (acid  ta«  tetr.tl™.  1yB(0CHl,  fr°"  E<'  ,7) 

2    using  a  pH  Indicator)  l   3'3 

l"c  H  OH   (gaS  cnromat°BraI,hy  witn        jyCH  0H  from  Eq.  (8) 
2  2    mass  spectrnscopyf  3 

l"cH  OH   (gaS  cnromat°eraPhy  with         y  .  fro*  Eq.  (9) 
3      mass  spectroscopy)  2 

■       (NMR  spectroscopy) 


A»a.ptlon.:  ^^   -  0,  ,7^  -  0.  ,,,, 
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2ySi(0C2H5)4    "    1"S1(0C2H5)4         2    SilOC^,.^         2    Si02         1    Si02 


(11) 


2yC,HK0H   "  I?    (2mC   "    l"c'    +    l"c,H_OH   "   2VH.0H  (12) 

2    5  2    5  2    5 

2yB(0CH3)3  *  in,B(0CH3)3  "  2mB«°CH3»3  "  2(2V,03  "  l^O,'     (1»J 
2yCH30H  "  6<2*B203  "  1,B203)  _  2"CH30H  +  imCH30H  (14) 

2yH20  =  imH20  -  <M",Ci"S10|  "  imS102) 

"  2(2mC2H5OH  +  2yCH30H  "  ^CHgOH*  (15) 

The  recommended  methods  for  complete  analysis  are  summarized  in  Table 
11.3. 


E-   Material  Balance  Around  Dryer  For  an  Unrinsed  Lyogel 

As  indicated  in  Figure  11.1,  the  total  material  balance  around 
the  dryer  for  an  unrinsed  lyogel  is 

(16) 

The  component  balances  are  as  follows.   The  details  are  given  in 
Section  C  of  Appendix  E. 

3ySi(0C2H5)4  "  2mSi(0C2H5)4  "  3"si  (OC^), 

'  3"S102  "  3ySi02  *  2",Si02  (17' 

3yC2H50H    2a  l3BC  +  3yC   2mc'    3*C  H  OH  +  2l"c2H50H       (18) 
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Table  11.3  Summary  of  Results  for  Material  Balance  Around  Sample  Vial. 


Already  Measurements  to  make  Quantity  to  be  obtained 

measuring     (with  recommended  method  of  analysis)     from  material  balance 


2  5'4 
C„HcOH 
(gas  chromatography  with 


(g.c.  with  mass  spec.)    y         from  Eq.(12) 
2H5°H 


1  ,2  C  H  OH 

mass  spectroscopy) 


1  ,2  CH  OH 


(g.c .  wi  th  mass  spec . ) 


2  using  a  pH  indicator)  '    3  3 

l*-2nC  (NHR  spectroscopy)  2yQH  from  Eq.(14) 


l^SiO   (Pla3ma  emission  y  from  Eq.(15) 

2  spectroscopy)  2 

„m,.,„   (INAA) 
2  SIO. 


m  (plasma  emission  spectroscopy) 

2  3 


i  B„0: 

(by  difference) 


2  B„0 


2  3 
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(20) 


■^"V,    '    2V0CH3)3    -    3™B(0CH3)3    "    ^B^' 

'  2(3yB  n     "  2Vo   »  <19) 

2   3  2   3 

3yCH,0H  '    6(3Voo  +  3yB,0,  "  2™B  0  ' 
3  2  3       2  3       2  3 

3mCHo0H  +  2",CH  OH 
3  3 

3VH30  "  2mH20  "  3"H20  "  (  2~3a  >  ^SiO,,  +  3ySi02  '  2mSi02> 

2<3I*CH  OH  +  3VCH  OH  "  2,"cH  OH '  (21) 

The  recommended  methods  for  complete  analysis  are  summarized   in 
Table  11.4 


F.  Materia]  Balance  Around  Rinsing  Tank 

As  indicated  in  Figure  11.2  the  total  materia]  balance  around  the 
rinsing  tank  is 

2M0UT  +  2MIN  =  4M0UT   +  5M0.JT  (22) 

The  component  balances  are  below,  assuming  that  all  Si(0C„H  )  , 

2  5  4 

B(0CH  )  ,   CH  OH  and  C  H  OH  have  been  rinsed  out  of  the  lyogel  at  the 

completion  of  the  rinsing  process.   The  details  are  given  in  Section  D 
of  Appendix  E. 

5mSi(0C2H5)4  =  2mSi(0C2H5)4  "  4mSi02 

~  5mSi02  +  2mSi02  <23> 

sVh.OH  =  ^  <4»C  +  5mC  "  2"c>  +  2mC ,H  OH  (24» 

c.   0  2  5 
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Table  11.4.   Summary  of  Results  for  Material  Balance  Around  Dryer  for  an 
Unrlnsed  Lyogel . 


Already  Measurements  to  make         Quantity  to  be  obtained 

measuring        {with  recommended  method  of  analysis)    from  material  balance 


3BSiOg(by  INAA)   2m'3mSi(0C2H5)4(gC'  WUh  na3S  9PeC-'  3ySi(0C2H5)4  from  Eq.(17) 

■  0  (W  diff-  2».3«8(0CH  j     (ga3  chromatoEraPhy   3yC,H_0H  fr0*  ^    (18) 
2  3  erence)  3      wUh  mass  3pectro_      2  5 

scopy) 
2™'3IBC  H  OH  (g.c.  with  mass  spec.) 


2  '8  CH-OH 


(g.c.  with  mass  spec.) 


m,  »    (acid  base  titration  using    y 
2   3  H2°  a  PH  indicator)  B,v,1"'3'3 

2«.3mc    (NMR  spectroscopy)  3y      froB  £q   (2Q) 


2"S102 

2\°3 
3VSiO 

3VB„0„ 
2    3 

3VC 


(IKAA,  3%°   '""  "*•    (211 


(by  difference) 


(plasma  emission  spectroscopy) 


(gas  chromatography  with 
mass  spectroscopy 
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5"B(0CH3)  =  2™B(OCH3)3  "  2<4mB203  +  sY^'  +  2(  z\oJ  (25) 

5mCH30H  "  6(4mB203  +  5mB203  "  2%^^     >  Z^W  (26) 

B%0  -  A«  -  4™H  O  ^  <2-3a)(4mSi00  +  5mSJ0 J  '    \o  (27) 

*    U  _  3a)2mS102  _  2(5*CHgQH  "  2mCH3OH) 

The  recommended  methods  for  complete  analysis  are  summarized  in 
Table  11.5 


G.   Material  Balance  Around  Dryer  For  a  Rinsed  LvokcI 

As  Indicated  in  Figure  11.2  the  total  material  balance  around  the 
dryer  for  an  unrinsed  lyogel  is 

4M0UT  "  4Y  +  6M0UT  <28> 

The  chemical   reactions  are  taken  to  be  the  reverse  of  Reactions 

(1)  and  (2)  since  all  Si(OC  H  )  and  B(OCH  )   is  assumed  to  be  rinsed 

out  of  the  lyogel  at  the  completion  of  the  rinsing  process. 

sl02-2a  +  (4-a)C2H50H  +  2aC(s)  ".  SifOC^Hg^  +  (2-3a)H20      (la) 
B203  +  6CH30H  %  2B(0CH3)3  ♦  3H20  (lb) 

The  component  balances  are  as  follows.   The  details  are  given  in 
Section  E  of  Appendix  E. 

4ySi(0C2H5)4  "  4mS102  "  4VSi02  "  6mSi02   "  6mSi(0C2H5)4       (29) 

4yC,HOH  =  "if  (4mC  "  4VC  ~  eV  "  6mC  H  OH  <30> 

2  5  2  5 

4yB(0CH>,  =  2(4mB  0   -  4VB  n   "  6%   0  '  "  «"»'n™  1  (»D 
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Table  11.5.   Summary  of  Results  for  Material  Balance  Around  Rinsing  Tank. 

Already  Measurements  to  make  Quantity  to  be  obtained 

measuring        (with  recommended  method  of  analysis)    from  material  balance 

zc  „  0H  input  to  2"si(0W  («•«•  "ith  "a8s  ""^       B«SJ(«SJU  fr™  E"  ,231 
2  5   rinsing 
tank 

z    input  to     2mB(0CH  )    (gas  chromatography      5mC  H  OH  fr0™  Eq'  (24) 
2   rinsing  '   with  mass  spectroscopy) 


tank 


2™C  H  OH  'S'  C'  Wlth  maSS  3Pec,l 

2mCH  OH  (S*c-  with  mass  spec.) 

2rn'4mH2o  W^nntitMr) 

2m.4mc  (NMR   spectroscopy)                        5BCH   OH   fr°B'  Eq" 

2m      4ms]  (INAA)                                                     sYofro.    Eq.     ( 


5  SiO. 


(plasma  emission 
spectroscopy) 


2  3 

m      (plasma  emission  spec-) 

2  3 
m         (gas  chromatography  with 
mass  spectroscopy) 


Assumption,:  4»S1(0C2H5)4  "  "'  StWHJ,   '   "' 

4*CH  OH  *  °*  4™C  H  OH  = 

(Assumed  to  be  rinsed  out  of  lyogel  after 
completion  of  the  rinsing  process.) 
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4yCH  OH  =  6(4raB  0   -  4yB ,0,  "  8Vo  '  "  6mCH  OH  <32> 

4yH20  '  4mH20  -  6mH20  *    (2*3a>  ^"sN^  "  6mSi02  "  4ySi02> 

*  2  (6*CHg0H  +  4yCH30H)  <33> 

The  results  and  suggested  methods  of  chemical  analysis  are 
summarized  in  Table  11.6. 


H.   Material  Balance  Around  Swelling  Solution  Tank 

As  indicated  in  Figure  11.2  the  total  material  balance  around  the 
swelling  solution  tank  Is 

4M0UT  +  4MIN  =  7M0UT  +  8M0UT  <34> 

The  chemical  reactions  are  taken  to  be  the  following. 

S102-2a  +  <4-a)C2H5OH  +  2aC(s)  H   Si(OC2H5)4  +  (2-3a)H  0  (la) 

B2°3  +  6CH30H  *  2B(0CH3>3  +  3H2°  <lb> 

The   component  balances  are  as  follows,   assuming  that  all 

Si(0C2H5)4,  B(0CH3)3,  CH30H  and  C^OH  have  been  removed  from  the 

lyogel  by  the  swelling  solution.   The  details  are  given  in  Section  F 
of  Appendix  E. 

7mSi(0C2H5)4  =  4™Si02  "  7mSi02  "  S^iO.,  (35) 

7*CoHK0H  =  "if  (4mC  "  7mC  "  b"c>  (36> 

7mB,0CH3)3  "  2<4™B203  "  7mB203  "  s'^  <3?> 

7nCH30H  =  6(4"'b203  "  7mB203  "  8%^  <38> 
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Table  11.6.   Summary  of  Results  for  Material  Balance  Around  Dryer  for  a  Rinsed 
Lyogel . 


Already  Measurements  to  make  Quantity  to  be  obtained 

measuring        (with  recommended  method  of  analysis)    from  material  balance 


4'SMOC.S.) 


from  Eq. (29) 

2"5'4 


mass  spectroscopy) 
6mC  H  OH    *gc*  wlth  mass    sPeC) 

e'VjOH      (*'c'  with  ",as3  •P60'1 

4m'6mH  0   *acld  base  titration  using  a  4yB(0CH  ,   fr0B  Eft-    (31> 
2     pH  indicator)  3J3 

4m,6rac   (NMR  spectroscopy)  .y^  QH  from  Eq.  (32) 

4™>S10   UMAA]  4yH   from  Eq.  (33) 

2  2 

(by  difference) 


i'B.fl 


2  3 

(plasma  emission  spectroscopy) 


4JS10 


4  B-0    (plasma  emission  spectroscopy) 


.y„  (gas  chromatography  with  mas 
spectroscopy) 
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7  H20    4  HO    8  HO    2  7  CH  OH     HO 

♦  (2+3a)(4n,slQ2  -  7»sl0s  -  ^3.^)  (39) 

(40) 

7mcr  =  zcr  -  8mcr  (41) 

The  recommended  methods  for  complete  analysis  are  summarized  in 
Table  11.7. 


I •   Material  Balance  Around  Dryer  For  a  Swelled  Lyogel 

As  indicated  in  Figure  11.2  the  total  material  balance  around  the 
swelling  solution  tank  is 

8M0UT  =  5Y  +  9M0UT  <42> 

The  chemical  reactions  are  taken  to  be  the  following. 

Si°2-2a  +  <4_a)  C2H50H  +  2aC<s'  %  S1(0C2H5)4  +  (2-3a)H20      (la) 


B2°3  +  6CH30H  H   2R(OCH3'3  +  3H2°  (]b) 

The  component  balances  are  as  follows.   The  details  are  given  in 
Section  G  of  Appendix  E. 

5VSi(0C2H5)4  =  8°1Si02  "  5VSi02  "  g'siOj,  "  9mSi(0C2H5)4  (43) 

5yC,H.0H  "  "if  (8mC  "  5yC  "  9mC »  "  e"c„H  OH  (44) 
do                                                                                2  5 

5yB(OCH3)3    =    2(8mB203    "    5yB203    "    <t\oJ    "    9"B<0CH3)g  (45) 
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Table  11.7.   Summary  of  Results  for  Matei-Ial  Balance  Around  Swelling  Solution 
Tank . 


Already  Measurements  to  make  Quantity  to  be  obtained 

measuring         (with  recommended  method  of  analysis)    from  material  balance 


zM  „.   input  to   4a'    6mH  0  (acld  base  titratlon  with    7«S1(0C  „  ,   from  Eq.  (35) 
NaC1   swelling  2   pH  indicator)  '  M(0C2V4 

tank 

w      input  to    »,   m    (NMR  spectroscopy)  -       from  Eq.  (36) 

2    swelling   *   b  L  7  C2H50H 

tank 

4m.  6msl02  (INAA)  TBB(0CH3)3  tr°"   Eq '     <37) 

4m'  6mB  0   (by  deference)  ^  m  from  Eq.  (38) 

8»Na+  (INAA)  7>h  q  from  Eg,  (39, 

8mcl-  (INAA)  7„Na+  from  Eq_  t40) 

7  S102    (plasma  emission  spec.)         m  -  from  Eq.  (41) 

7niB  0    (plasma  emission  spec.) 
2  3 

?mc    (gas  chromatography  with  mass 
spectroscopy) 


Assumptions;   Swelled  lyogel  contains  no  Si(0C  H  )    B(0CH  )  ,  C  H  OH  or  CH  OH. 

isj4        3325         3 


ui 


5»CH,0H   ■   6VB203   "   5\°3   "   °\0J    "   ^^ 
5\0    '    8™H20    -    9™H20    *    <  ^  VsiO,,    '    5ySi02    '    ftatj 

+    I    (9mCH „0H    +    5yCH   0H»  (47) 


"3  3 


Na  8  Na 


(48) 
(49) 


Assumptions:   Na  and  CI  does  not  vaporize  at  llCC. 

The  recommended  methods  for  complete  analysis  are  summarized  in  Table 
11 .8. 

J.   Data  Acquisition 

The  data  required  to  close  the  material  balance  for  the  entire 
synthetic  process  shown  in  Figures  11.1  and  11.2  may  be  obtained  as 
follows.  Borosilicate  lyogels  are  synthesized  following  the  procedure 
modified  by  Angell  [8]  and  stated  in  Chapter  VIII,  Section  A.  A 
liquid  nitrogen  cold  trap  is  to  be  attached  to  the  glass  condenser  at 
the  top  of  the  reaction  vessel  to  collect  vapors  designated  as   Y   in 

Figure  11.1.   After  reacting  at  50°C  for  the  required  length  of  time, 
the  solution  in  the  flask,   M   ,  is  placed  in  a  closed  vessel  with  a 

liquid  nitrogen  cold  trap  attached  to  a  side  arm.   The  vapors 
collected  are  Y.   Then  the  solution  is  allowed  to  gel  and  2MOUT  ls 

obtained . 


M2 


Table  11.8.   Summary  of  Results  for  Material  Balance  Around  Dryer  for  a  Swelled 
Lyogel . 


Already  Measurements  to  make  Quantity  to  be  obtained 

measuring         (with  recommended  method  of  analysis)   from  material  balance 


r  „  ,   from  Eq.  (43) 
W4 


9'"C1    K"'    ' '   9  C2H5OH 


(by  INAA)   Qmr  „  nH   (g.C.  with  mass  spec.) 
(g.c.  with  mass  spec.) 


9  CH„OH 


1     (by  diff-   m,   m    (acid  base  titration  with    .y„,nril  ,   from  Eq.  (45) 
B2°3  erence)   *        9  H2°   PH  indicator)  5  B(0CH3)3 


2    pH  indicator)  *   3'3 

8m,  gmc  (NMR  spectroscopy)  5yCH  QH  from  Eq.  (46) 


8«S102  ,INAA)  5»H20  rro-  *«■  '"» 

ama  n      I bV  difference)  m,  +  from  Eq.  (48) 
2  3 

5yS10   *P,asma  emission  spectroscopy)  fl»r|-  from  Eq.  (49) 


5  B„0 


(plasma  emission  spec.) 


2  3 

5yf  (eas  chromatography  with  mass) 
spectroscopy) 


Na   and  CI   does  not  vaporize  at  110  C. 


U3 


All  drying  of  samples  Is  to  be  done  in  a  heated  chamber  with  a 
vacuum  line  attached.  The  chamber  is  purged  with  nitrogen  and  the 
sample  is  heated  in  dry  air.  The  vapors  are  collected  via  the  vacuum 
line  and  condensed  by  using  a  dry  ice/acetone  cold  trap. 

The  first  sample  is  weighed,  ?M  T>   and  dried  at   110  C  until 

constant  weight.   This  gives  M    and  the  condensed  vapors  are  Y. 

The  second  sample  is  weighed,   M   ,  rinsed  until  the  rinsing  solution 

is  no  greater  than  1  percent  ethanol,  weighed  again,  *M  T.  and  dried 

at  110  C  until  constant  weight.   „Hm,„  is  obtained  and  the  condensed 

b  Uu  1 

vapors   are   Y.    The  rinsing  solution,  _M-«-_,,  is  kept  for  subsequent 
4  5  OUT 

analysis.   The  third  sample   is   weighed,   rinsed   until   the   rinsing 

solution   is  no  greater  than  1  percent  ethanol,  swelled  in  0.0  N  NaCl 

solution  for  28  days,  weighed  again,  fiMniIT.  and  dried  at   110  C  until 

constant  weight.   QMniiT  *s  0Dtained  a!1^  the  condensed  vapors  are  Y. 

The  rinsing  solution  and  swelling  solution,   JL-,   are  kept  for 

analysis.  The  fourth  sample  Is  processed  as  the  third  sample  except 
that  it  is  swelled  in  1.0  N  NaCl  solution.  The  fifth  sample  is 
processed  as  the  fourth  sample  except  that  it  is  swelled  in  2.0  N  NaCl 
solution. 


K.   Modification  of  INAA  Method 

As  discussed  in  Chapter  IV,  Sections  C  and  D,  the  mass  of  NaCl  in 
a   sample   computed   from  INAA  is  less  than  the  actual  mass  of  NaCl  in 
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the  sample.  Thus  the  estimates  for  boron  content  are  higher  than  the 
actual  boron  content  because  the  mass  of  boron  is  obtained  by 
difference.  This  situation  can  probably  be  corrected  by  modifying  the 
standards  as  follows  [66].  Keeping  the  boron  content  constant,  for 
example  using  0.120  grams  H  BO  ,  vary  the  masses  of  SiO  and  NaCl  and 

obtain  calibration  lines  similar  to  those  discussed  in  Chapter  IV, 
Section  B.  A  series  of  samples  will  be  needed,  starting  with  no  boron 
and  increasing  the  boron  content  with  each  new  calibration.  The 
percentage  of  silicon  in  samples  of  unknown  composition  then  can  be 
used  as  an  indicator  for  the  selection  of  calibration  lines.  Two 
calibration  lines  can  be  used  and  the  calculated  mass  values  averaged. 
This  modification  should  make  the  standards  resemble  more  closely  the 
borosilicate  lyogels  and  hence  give  a  better  estimate  of  the  boron 
content  of  these  lyogels. 


145 


APPENDIX  A. 
Derivation  of  Model  Used  For  Instrumental  Neutron  Activation  Analysis 
[24] 

The  derivation  of  the  model  developed  by  Higginbotham  [24]  to 
determine  the  amount  of  a  particular  element  in  an  unknown  sample   is 

presented  herein.  All  equations  apply  to  the  i  element  in  the 
sample.  It  is  assumed  that  this  element  activates  to  a  daughter 
product  that  emits  gamma  rays,  with  only  one  particular  energy  being 
used  for  analysis. 

The  number  of  activated  daughter  products  at  a  time,  t,  during 
irradiation  is  found  by  solving  the  rate  equation  which  describes  the 
change  in  those  atoms.  Let  N  represent  the  number  of  daughter  product 
atoms  at  time  t.   Then 

{change  in  n|  =  {production  of  n|  -  {loss  of  n| .  (1) 

The  production  of  N  is  the  number  of  parent  atoms  present  at  time 
t,  p(t),  multiplied  by  the  product  of  the  probability  of  activation  of 
the  parent  atom  upon  interaction  with  a  neutron,  a,  and  the  flux  of 
neutrons  striking  the  target,  <t>.  It  is  assumed  that  the  flux  varies 
so  slowly  with  time  that  it  is  essentially  constant.  Also,  any  energy 
or  scattering  angle  dependence  in  the  cross  section  is  applied  as 
required  by  the  neutron  flux;  i.e.,  o-<f>  is  constant.  Self-shielding 
effects,  or  material  resistance  to  neutron  capture,  are  neglected. 
Thus,  the  production  of  N  is  expressed  as  the  product  p(t)o"  <f>,   where 

a       is  the  absorption  cross  section  of  the  parent  isotope.   The  number 


14b 


of  parent  atoms  at  time  t  is  the  initial  number,  N  ,  minus  the  numbers 
F  o 

that  become  activated; 

„t 


p(t)  >  N  -     N(z)dz. 


Upon  substitution  one  finds  that 

(production  of  n}  =  a   <<>(n  -  J^  N(z)dz]  .  (2) 

The  loss  of  N  is  the  number  of  daughter  product  atoms  that  decay 
plus  the  number  that  are  converted  to  another  isotope.  The  decay  of  N 
Is  the  number  of  daughter  product  atoms  multiplied  by  the  probability 
of  decay,  X. 

{decay  of  N)  -  XN  (3) 

The  number  of  N  lost  by  activation  is  No-  <f>,  (4) 

where  a.   is  the  cross  section  of  the  daughter.  Therefore, 
d 

{loss  of  N}  -  XN  *  !**>.  (5) 

Combining  Eqs.  (5), (2)  and  (1)  yields 

-4r-  -  a   <Jn  -     N(z)dzl  -  XN  -  No-,4>.  (6) 

at     ptoJ        J         d 
o 

Taking  the  Laplace  transform  of  Eq.  (6)  with  an  initial  condition  of 

N(0)  =  0  yields 

a  ij>N     a  $N(s) 

sN(s)  =   "  ° E XN(s)  -  <M>N(s) 

s  s  u 

Solving   for  N(s)    gives 

N  a  d> 
N(s)=-      -2-E- 


(x+O^js     ♦    <T<f> 


p 
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-£*♦«„♦]  i[(x*V)2-4V] 


1/2 


N  a  4. 
N(s)  -    -SJ£- 


(s"Rl)  CS"R2) 


where  R    "^"  [^9-^1! 
1  2 


^V5*[(x*j#|  "-*_♦] 


The  time  dependent  solution  is  given  by  the  inverse  Laplace  transform 
of  the  above  equation, 


««-rffcL"-.0. 


Assuming  there  are  no  significant  losses  due  to  the  activation  of 
the  daughter  product,  i.e.,  a  ,4>«X,  Eq.  (7) 

becomes 
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N(t)  = 


-N  a  <p 
o   P 


(x2  -«  * 


1/2 


¥-*°P«-} 


1/2 


(8) 


►  (x«-*r*] 


1/2 


Further,   if  depletion  of  the  parent   isotope  during  activation  is 


neglected,  i.e.,  40"  ef><<\  ,  then 


N  a   ♦   r      s^ 
N(t)  -^r^-  C  l-e-Xt) 


(9) 


It  is  advantageous  to  express  the  number  of  parent  atoms  in  terms 
of  the  mass  of  the  parent  element  initially  present. 


N 


(10) 


where  M  is  the  mass  of  the  parent  element,  A  is  the  natural  abundance 

of  the  parent  isotope,  N  is  Avagoadro's  number  and  A  is  the   isotope 

atomic  weight.   Substituting  Eq.  (10)  into  Eq.  (9), 
MA^N.o-  * 


N(t)=_^LCl-e-). 


(3D 


Hence,   the  number  of  daughter  atoms  at  the  end  of  the  irradiation 
time,  t  ,  is 


*M»A<jJ>  f   -*tj 


b  A  pY 


(12) 


"R   "U"rJ       AX 
After  irradiation  there   is  no  production  of  N  and  Eq.   (1) 
simplifies  to 


(change  in  N}  =  -  loss  of  N 
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(13) 


Since  the  only  loss  is  due  to  radioactive  decay, 

-JJ7-  =  -\N,  for  t>t  . 
dt  r 

Solving  this  equation  for  N,  one  finds 

N  -  Ce"Xt.  (14) 

To  determine  the  constant  of   integration,  C,  one  applies  the 
initial  condition  given  by  Eq.  (12).   Letting  N  ■  Nft  1,  one  obtains 

Xt 

C  ■  NRe  r 

Substitution  into  Eq.  (14)  yields 

Xft  -t] 
N(t)  =  NRe   r  (15) 

At  this  point  in  the  experiment,  the  sample  is  placed  adjacent  to 
a  gamma  ray  detector.   At  time  t   the  detector  system  begins  to  count 

the  number  of  gamma-ray  detector   interactions.   These  counts  are 
stored  as  a  function  of  energy.   At  time  t  the  detector  system  stops 

collecting. 

The  number  of  atoms  that  decay  during  this  interval,  N  ,  is  given 

by 

Substituting  Eq.  (15)  into  Eq.(16)  one  finds 

%  -  NRle        -  e       J.  (17) 

The  number  of  gamma  rays  emitted  by  the  decayed  atoms  during  the 
counting  interval  is  the  number  of  atoms  that  decay  multiplied  by  the 

gamma-ray  yield,  i.e.,  gamma  rays  of  each  energy  per  disintegration, 
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Y.  The  number  of  counts  recorded  by  the  detector  system  is  the  number 
of  gamma  rays  emitted  multiplied  by  the  absolute  efficiency  of  the 
detector,   E  .   E   is  the  number  of  counts  recorded  in  a  certain 

channel  divided  by  the  number  of  counts  actually  occurring.  The  total 
number  of  counts  recorded  during  the  time  interval  is  the  peak  area, 

P  . 

a 

Pa  "  NDEFY  U8) 

Substituting  Eq.  (17)  for  N  and  Eq.  (12)  for  N   into  Eq.   (18) 
U  R 

and  solving  for  M,  the  mass  of  the  parent  element,  one  finds 

P  AX 
M  =  : .  .  .".... .  .   .  .. (19) 


v^vl,-;^]^"^?1"^] 


p 

The  peak  area  for  each  energy  gamma  ray  is  calculated  from  the 

measured  pulse  height  distribution   (plot  of  the  number  of  counts 

versus   channel   number)   and  the  time  values  for  t  ,   t    and 

r    s 

t  are  recorded  for  each  sample  measured.   The  values  of  the  neutron 

flux,  <j>,  and  the  cross  section,  a   ,    are  difficult  to  determine.   Also, 

P 

the  detector  efficiency,  E  ,  is  a  strong  function  of  the  energy  of  the 

incident  gamma  rays.   However,  if  Eq.  (19)  is  to  be  utilized,  *  a 

P' 

and  E  must  be  known. 

Y 

To  circumvent  this  problem,  standard  samples  and  fluence  monitors 
are  used.  The  standard  sample  is  encapsulated  separately  from  the 
unknown  sample  and  the  mass  of  each  parent  element  in  the  standard 

must  be  known.   The  fluence  monitors  are  metal  wires  of  known  mass 
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wrapped  separately  around  the  sample  and  the  standards  containers. 
They  are  used  to  measure  the  value  of  J4>dt. 


152 


APPENDIX  B. 
EXAMPLE  OF  DATA  REDUCTION 

A.  Calculation  of  P  For  Known  Sample  Composition 

The  data  for  0.061g  of  SiO  Irradiated  for  6  minutes  at  a  reactor 

power  of  225  kW  is  given  below. 
P  «  peak  area  for  sample  «  10,570 

M  =  mass  of  tungsten  wire  fluence  monitor  =  0.015  g. 


Pa  =  peak  area  for  tungsten  wire  «  43,725 


P  is  calculated  from  Eq .  (6)  of  Chapter  II. 

pc       s"a(>](eX"^-     ^L     e^-:^)) 

3       wp    f  WrVJ  XsCstr   "  s^l 

sPale  "     e  J 

Xt   -  in2/(half-life  of   i) 


X      -    ln2/2.241    =    0.3093 
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(B-II.6) 


Thus   P        Is  given   by 


10, 570(0. 015)[e4-8540xl0~ 


-4(6-331 .417)1 


f  0.3093(6-9)   0.3093(6-26)-) 

4  J  i  '-Die  c  J 

-5 


P   •  2.6793  X  10 
a 

B.  Calculation  of The  Mass  of  Species   "i"  in  a  Sample  of  Unknown 

Composition 

The  mass  of  species  "i",  M  ,  in  an  unknown  sample  is  given  by  Eq. 

(6)  of  Chapter  II. 

M.  =  XPC  ♦  b  (B-II.68) 

i     a 

where  X  ■  slope  of  the  mass  line  for  the  standard 

b  =  intercept. 

Now  consider  an  SiO  -B  0  lyogel  that  had  equilibrated  with  a 

2. ON  NaCl   solution  and  had  been  dried  at  110°C  (i.e.,  Sample  Tagword 

#126).   PC  was  calculated  for  Si0„,  Na  and  CI  using  Eq.   (B-II.6)  and 
a  2 

are  given  below. 

„.„  PC  »  3.316554  X  10  5 
Si02  a 

_  PC  =  1.310227  x  10"3 
Na  a 

„,PC  =  6.146406  x  10"5 
CI  a 

The  calibration  lines  for  the  three  species  of  interest  are 

listed  in  Table  4.2  and  are  as  follows. 
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MSi02  =  2543-88  Sio/a  "  °-005315  (B-D 

M    -  9.2022    PC  -  0.0004428  (B-2) 

Na         Na  a  *   ' 

Mcl  =  322.85  C1P^  -  0.0006072  (B-3) 
Substituting  .P  into  Eqs  (1)  to  (3)  yields 


C .  Calculation  of  Lyogel  Composition 

The  composition  for  the  dried   lyogel ,   SiO  -xB  0  ,   will  be 
computed. 

Mass  B203       =  Sample  mass  -  Mass  SiO  -  Mass  Na 

-  Mass  CI  (B-4) 

=  0.127  -  0.0791  -  0.0116  -  0.0192  g 
=  0.0171  g 
Mass  of  dried  lyogel  =  Sample  mass  -  Mass  Na  -  Mass  CI  (B-5) 

=  0.127  -  0.0116  -  0.0192  g 
=  0.0962  g 


(B-6) 


ion 

B„0„ 
2  3 

Mass  B„0„ 
2  3 

Mass  of 

dried  lyogel 

0 
0 

0171g 
0962g 

*  0. 

1778 
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The  ratio  of  the  moles  of  BO  per  mole  of  SiO  is  desired.   The 
molecular  weight  of  SiO  is  60.09  g/mole,  and  the  molecular  weight  of 


Let  X  =  number  of  moles  of  BO 

Fraction  B^  -  6Q  J*™^  j  -  0.1178  (B-7) 

Solving  for  X  in  Eq.  (B-7)  gives 

X  =  0.1866.  (B-8) 

Thus,  the  dried  lyogel  composition  is  SiO  -0.1866B  0  .   The  lyogel  had 

been  batched  as  SiO  *B  0  ,  and  a  large  difference  in  the  boron  content 

between  the  as-batched  and  dried  lyogel  compositions  is  noticed. 
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APPENDIX  C 
EXAMPLE  OF  MAXIMUM  EXPERIMENTAL  ERROR  CALCULATION  [67] 

c 

A.  Calculation  of  Probable  Error  For  P 

An  estimate  of  the  error  associated  with  P  is  desired.  The 
probable  error,  e,  will  be  used  as  this  estimate.  Consider  the 
following  set  of  PC  data  for  0.101  g  irradiated  for  6  minutes  at  225 

kW. 


ial 

a 

(x.) 

r^x-x. 

1 

4 

040961X10"5 

1.35380x10" 

2 

4 

328929xl0~5 

-1.52588x10 

3 

4 

264812xl0~5 

-8.84710x10 

4 

4 

070662xl0~5 

1 .05679xl0~ 

1 .8327744x10 


2.3283098x10 


7.8271178x10 


13 


1.1168051x10 


12 


Ex.  -  1 .6705364x10 
l 

mean  =  x  =  £x./4  -  4.176341  x  10" 

l 

12 


Sr, 


l 


6.0606011  X  10 


n  =  number  of  data  points  =  4 
degrees  of  freedom  =  (n-1)  ■  4-1  =  3 


standard  deviation  =  a 


V&.2/(n-l) 


(C-l) 
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/ :rr^ 

/6. 0606011x10    /3 

6 


-  1 .4213375x10 
The  probable  error  for  "i"  Is 


e.  •  to- 
i 


(C-2) 


where  t  •  Student's  t  value. 

For  3  degrees  of  freedom  t  =  0.76S. 

Substituting  values  for  t  and  a   in  Eq.  (C-2)  gives 

€Si0   "  °-765(l-4213375  x  10~6) 

=  +1. 0873232  x  10"6 

Thus,  the  error  associated  with  Pc  for  SiO  is 

a        2 

„._  P°  t  10873232  x  10"6 
Si02  a  - 

Similar  calculations  for  0.017g  NaCl  irradiated  for  6  minutes  at 
225  kw  gives 

.,  P°  *    3.5502473  X  10 

Na  a  - 

_.P°  ♦  1.0631543  x  10~6. 

Cl  a  - 


B.  Calculation  of  Probable  Error  For  Slope  and  Intercept 

The  mass  of  species  "i",  K.  ,  in  an  unknown  sample  is  given  by  Eq . 
(6)  of  Chapter  II, 

Mi  =  XPa  +  b  (C-II.6) 

where  X  =  slope  of  the  mass  line  for  the  standard 
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b  =  intercept. 
The  probable  errors  for  the  slope  and  the  intercept,  e  and  e,, 

respectively,  are 


6x  =  t 


»H) 


i 


(„-2)[n(xx2)-(zx.]2] 
=  probable  error  of  slope,  X. 


(C-3) 


K)  M 


(n-2)[„(^)-(Ex.]2] 

=  probable  error  of  intercept,  b. 
where  n  »  number  of  data  points 


(C-4) 


r  =  M,    -  actual   mass  of   i 


(Ex2)    -    (^(jP^)2) 


<Sxi)2   "    <Va>2 


t  ■  Student's  t  value. 


Consider  the  following  set  of  data  for  SiO   irradiated  for  6 


minutes  at  225  kW.   Let  M     be  given  by 
bl02 


MS102  "  262637  Sio/a  "  °00684- 


(C-5) 


159 


O  -.  o 


—         o         o 

9  O  rt 


OOOOCO  O  © 


'o        'o 


I 

c 
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For  6  degrees  of  freedom,  t  •  0.718.   Substituting  into  Eqs .   (C- 
3)  and  (C-4)  gives  the  following. 


8(1.2348065x10 
,.„  ev  =  0.718\  ' 


S102  X        V  6[8(1.0014215xl0_8)-6.677795xl0"8] 
=  79.7782 

e   •  +  79.8 

sio2  x  - 


■'(!■  0014215x10  8)(  1.2348065x10  *) 
Si02  b         y  6[8(1.0014215xl0"8)-6.677795xl0_8] 

=  0.00282259 

„•„  ft  ■  +  0.0028 

sio2  b   - 

Similar  calculations  for  masses  of  NaCl ,  irradiated  for  6  minutes 
at  225  kW,  gives  the  following  probable  errors. 

Nafri°154 

Na£b  *  *  °0004 

ciex  -  i  U23 


C.  Calculation  of  The  Maximum  Experimental  Error  of  M. 

M.  is  given  by  the  following  relationship. 

M,  =  XP°  +  b  (C-II.6) 

1     a 

where  X  *  slope  of  the  mass  line  for  the  standard 

b  -  intercept. 
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Thus  M.  is  a  function  of  X,  P  and  b,  and 


f3M.]      f3M.  ]  r3M.l 

d(M.)  .  [g^j  dX  .  -A-  dP<  +  [g^j 


lap1-  J 

a 


db 


(C-6) 


ran.-) 


(3M 

<  *  hoJ*1 


(C-7) 


where  AM  is  the  maximum  experimental  error  of  M.  due  to  experimental 

errors  AX,  AP  and  Ab.   The  partial  derivatives  (calculated  from  Eq. 
(C-II.6))  are  as  follows. 


Ux  J 


IH- 

lab  I 


Recall  from  Sections  A  and  B  that  the  experimental  errors  are  as 
follows . 


AP 


AX 


Ab 


Na        +3.550x10        +0.154     +0.0004 


CI 


+1.063x10        +11.23     +0.00125 
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Thus  AM.  is  given  by 


AM,  =  ,PC  AX.  t  X,A.PC  ♦  Ab. 
i   1  a   1    iia     1 


(C-8) 


The  mass  of  species  "i"  in  an  unknown  sample  is  reported  as 


D .  Calculation  of  The  Maximum  Experimental  Error  For  The  Mass  of  BO 

In  A  Sample  of  Unknown  Composition 

The  mass  of  BO  for  a  sample  is  calculated  from  the  following. 


MB203  =  "sample  "  MSi02"  MNa"  MC1 
Thus  M„  _  is  a  function  of  M 


(C-8) 


B„0„ 
2  3 


M„.„  ,  M.,  and  M„.  ,  and 

Bin1   m.*        c  1 


sample'   SiO  '   Na 


CI' 


d<MB,0  > 
2  3 


8M„ 


sample. 


sample 


B2°3 


8M 


dM„ 


3M 


B2°3 


3M„ 
.  Na 


3M 


B  0 
2  3 


3M 


CI 


dM 


CJ 


(C-10) 


3M 

B2°3 

AM           ,      + 
sample 

3M„  „ 

B  0 
2    3 

3M„,„ 
Sl°2. 

2   3 

3M 
I     sample.- 

+ 

L     Na     j 

Na 

3M„  „ 
B2°3 

L3MC1 

*"« 
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(C-ll) 


where  AM      is  the  maximum  experimental  error  of  M     due  to 
B2°3  BZ°3 

experimental  errors  AM    ,  ,  AM.,  and  AM„,.   The  partial   derivatives 
r  sample    Na       CI 

which  follow  are  calculated  from  Eq.  (C-9). 


3M 


B2°3 


sample. 


8M„ 


SiO, 


B2°3 


LaMd 


sample 

is  given  by 


O.OOlg  and  AM.  are  calculated  from  Eq .   (C-8).    Thus 


AM^  -  0.001  *  AMsiQ2 


AM    +  AM 
Na     CI 


(C-12) 


Note  that  all  the  minus  signs  have  been  changed  to  plus  signs  in  order 
to  obtain  the  largest  possible  experimental  error.  It  is  desirable  to 
assume  that  all  the  experimental  errors  are  working  in  the  same 
direction  when  computing  such  an  error  in  the  final  quantity. 
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The  mass   of   B„0„    is   reported  as  M  +  AM 

2   3 
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APPENDIX  D. 

COMPENDIUM  of  BORON  and  BOROSILICATE  CHEMISTRY 

A  summary  of  boron  and  borosilicate  chemistry  references  with 

associated  chemical  reactions  is  presented  herein. 

1.   Advanced   Inorganic  Chemistry,   4th  ed . ,   F.A.   Cotton  and  G. 
Wilkinson,  Wiley-Interscience,  1980,  pp.  297-299,  New  York. 


B(0H)   +  HO  %  B(0H)   +  H   (pK  -  9.00) 


*2B(0H)3  +  B(0H)4  %  B303(0H4)   +  3Hg0 


B(0H) 


heat 


3H20 


heat 


2  HO    2  3 


*R.E.   Mesmer,   C.F.   Baes ,  Jr.  and  F.H.  Sweeton ,  "Inorg.  Chem.", 
U,  537  (1972);  H.D.  Smith,  Jr.,  and  R.W.  Wiersema,  Inorg.   Chem, 
11,  1152  (1972). 

Comprehensive  Inorganic  Chemistry,  Vol.  1,  A.  F.  Trotman- 
Dickenson,  Executive  Editor,  p.  897,  Pergaman  Press  Ltd.,  New 
York,  1973. 

9  +HOH  +ROH 

R(0H)  *  B(0H)3  — S-^  R0B(0H)2  -^-^-    (R0).,B0H  -^fr-    (ROlgB 


H2° 
(RO)  B  +  HO  -»■  ROH  +  (RO)  B(0H)  -=-»•  etc. 

The  Organic  Chemistry  of  Boron,  W.  Gerrard,  pp.  12,  78,  Academic 
Press,  New  York,  1961. 


H   ORJ 


H    QR 

+  OR  -»■    ^0: 

f^       cOR 


HOB(OR)   +  ROH 


RB(0H> 


K 


ROB(OH)., 


ROH  +  B(0H), 


(moist  air) 
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"On  the  other  hand,  alkylboronic  acids  are  much  more  susceptible  to 

oxidative  cleavage  than   their  aryl  analogues,   and  are   readily 

autoxidized  in  air ,   although  they  appear  to  be  more  stable  when 

moist."   (Snyder  et  aj..  ,  1938;  Johnson  et  al. ,  1938).* 

•Synder,   H.R.,   Kuck,   J. A.,   and   Johnson,  J.R.,  J.  Amer.  Chem. 
Soc. ,  60,  105  (1938) . 

•Johnson,   J.R.,   Snyder,   H.R.,   and  Van  Campen,  M.G.,  J .  Amer . 
Chem.  Soc. ,  60,  115  (1938). 

•Johnson,   J.R. ,   and  Van  Kampen,  M.G. ,  J.  Amer.  Chem.  Soc . ,  60, 
121  (1938). 

4.    Inorganic   Polymers ,   N.H.   Ray,   pp.   73-75,  Academic  Press,  New 
York,  1978. 


\  / 

0         O  B 

\  /     \ 

6  o 

I  / 

No*  8^  0 

/  \   Na  *  e/ 

O       0  B 

/  /^O 

~8\     /°     ^ 

O B 

\ 

o 

\ 

Chan«e  in  connectivity  of  a  bone  oxide  network  produced  by  introduction  of  canons. 
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"Monolithic  Glass  Formation   by  Chemical  Polymerization,"  B.E. 
Yoldas,  J,  Mat.  Sci. .  14,  1843-1849  (1979). 

2B(OR)3  t  3H20  ->  BO   +  6R0H 

RO.    I 1       OR     OR.        OR 

^B—  |  OH  +  RO B'        -*■    )b-0-b(    +  ROH 

RO'    I J      NOR     OR        OR 

B(0R)3  +  mH  0  -*■   B(OR)  (OH)   +  yROH 

B(OR)  (OH)   -*  BO  (OR)   (OH),   +  (x-x, )ROH 

x    y         i*i 


where  x+y=3 


z=|[3-(x1+yi)] 


(if  x^): 


BV0R>x/0H>,1  *  l»*l)»  ziiT   B°3/2     +  X1R0H 

(precipitate) 


(if  Vyi): 


-HO 

BO  (OR)   (OH)    *  (x-x  ) ROH  ►BO,    (OR)    +(x-xlROH 

Z     Xl     yi        X  3"X2     X2      1      2 


2 
(clear) 


if  m>1.5:  x  <0  (does  not  exist) 


if  m<1.5:  x  >0 
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6.  "Solution  Chemistry  of  Silicate  and  Borate  Materials,"  B.C. 
Bunker,  in  Better  Ceramics  Through  Chemistry  II,  Vol.  73, 
Brinker,  C.J.,  Clark,  D.E.,  and  Ulrich,  D.R.  editors,  pp.  57-68, 
MRS,  Pittsburgh,  1986. 

R-O-H 
( intermediate) 


7.    "Sol-Gel  Processing  of  SiO  -BO  Glasses",  B.   Kumar,   Mat .   Res . 


Bull. ,    19,    31-338    (1984). 


=Si-OH    +    B(OC   H    )      -».   sSi-0-B(OCH    )„    +    C   H   OH 
<?53  2    5    2  25 


8.    "Glass  Formation  of  the  SiO  -BO  System  by  the  Gel  Process  from 

Metal  Alkoxides,"  M.  Nogami ,  and  Y.  Moriya,  J.  Non-Cryst.  Solids, 
48,  359-366  (1982). 


iB(OCH3)3  ♦  HO  — [—  $i  -  0  -  $i  —J—  (OC2H5) 


2(H3C0)B0 
-  (0CH3)2B  -  0  -[-  $i—  0  —  )l  -]-  (OC  Hjj).  ♦  iC 


9.  "Stronger  Glass  Via  Sol-Gel  Coatings,"  B.D.  Fabes ,  et  al., 
Science  of  Ceramic  Chemical  Processing,  L.L.  Hench  and  D.R. 
Ulrich  editors,  pp.  217-23,  John  Wiley  &  Sons,  Inc..  New  York. 
1986. 

(OR)  BOH  +  ROH  -+  B(OR)   +  HO 
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10.  "Structure  of  Sol-Gel-Derived  Inorganic  Polymers:  Silicates  and 
Borates,"  C.J.  Brinker  et  al . ,  Inorganic  and  Organometallic 
Polymers,  M.  Zeldin,  K.J.  Wynne,  and  H.R.  Allcock  editors,  pp. 
314-332,  ACS  Symposium  Series  360,  ACS,  Washington,  D.C.,  1988. 

S1(0R)   ♦  HO  H    (RO)  -Si-OH  +  ROH 

2(RO)3Si  -  OH  H    (RO)  Si  -  0  -  Si (OR)   +  HO 

(RO)  Si-OH  +  Si(OR)   %  (RO)  -Si-O-Si-(OR)   +  ROH 

H-O-H 

"  j         OH      OH 

•aSi-6-Sia  H   sSi   +  sSi 


*Hichalske,  T.A. ,  and  Bunker,  B.C.,  J.  AppI .  Phys.  56,  2686 
(1984) . 

"Colloidal  Versus  Polymer  Gels  and  Monolithic  Transformation  in 
Glass-Forming  Systems,"  D.P.  Partlow  and  B.E.  Yoldas,  J.  Non- 
Cryst.  Solids,  46,  153-161  (1981). 

ORr -]  OH  OH 

RO-Si-JOH  +  RO-Si-OR  -»•  (OR)  -Si-O-Si-OR  +  ROH 
ArL J  OR  J       6r 


12.  "Effect  of  Variations  in  Polymerized  Oxides  on  Sintering  and 
Crystalline  Transformations,"  B.E.  Yoldas,  J.  Am.  Ceramic  Soc . , 
65  (8),  387-93  (1982) . 

OH    OH 
2S1(0R)  OH  +  2H„0  -*■   RO-Si-O-Si-OH  +  3R0H 

3     2      6r  6r 


13.   "Glasses  From  Metal  Alcholates , "  S.  Sakka  and  K.  Kamiya,  J.  Non- 
Cryst.  Solids,  42,  403-422  (1980). 

M1(0R)n  «•  H20  ->  M1(0H)(0R)nl  (+  ROH) 

(OR)    M  -OH  4-  M  (OR')   ->•  (OR)    -M  -0-M„- (OR '  )     (+  ROH) 

"  -i  J-         £  hi  n— 1   1     d  IB~1 
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14.   "Physical-Chemical  Variables   in  Processing  Na  0-B  0  -SiO  Gel 

Monoliths,"  G.  Orcel  and  L.L.  Hench ,  Mat.  Res.  Symp.   Proc. ,   32, 
Elsevier  79-84  (1984) . 

sSi-OR'  +  R''0  Sis  ->  sSi-O-SiE  t  R'OR'' 

aSi-OR'  +  R'"0-B=  -»•  aSi-0-B=  +  R'OR''' 

aB-OR'  "  +  R'  "  '0-B=  ->  =B-0-B=  +  R'  '  'OR'  '  " 


"Monolithic  Aerogels   In  the  Systems  SiO  -BO  ,  sioyp2°5'  sl02" 
B  0  -P  0  , "  T.  Woignier  et  al.,  J.  Non-Cryst.  Solids,  63,  117-130 


(1984) . 


(0CH3)4_nSi(0H)n  ♦  B(0CH3)3 


(OCH  )    (OH)    Si-0-B(0CH  )   +  CH  OH 
3  4-n     n-1  3  2      3 


16.  "Principles  of  Hydrolysis  and  Condensation  Reaction  of 
Alkoxys  i  lanes, "  H.  Schmidt  et  al . ,  J.  Non-Cryst.  Solids,  63,  1-11 
(1984) . 


HOSi(OR)   +  HO  <*    (110)  Si  (OR)   +  ROH 

(HO)  Si  -OR  4  HO  %  Sl(OH)   +  ROH 

=Si-OR  ¥   HO-Sis  %  =Si-0-Sis  +  ROH 

aSi-OH  +  HO-Sia  H   aSi-O-Sia  +  HOH 

*aSi-OR  +  RO-Si=  -*■   aSi-O-Sia  «-  ROR 

*W.  Noll,  Chemie  und  Technologie  der  Silicone,  Z.  Auflage  (Verlag 
Chemie,  Weinheim,  1968). 

*M.G.  Voronkov  et  al.,   The  Siloxane  Bond   (Plenum,   New  York, 
London.  1978). 
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17.   "Sol-Gel  Transition  In  The  Hydrolysis  of  Silicon  Methoxide,"  M. 
Yamane  et  al.  ,  J.  Non-Cryst.  Solids,  63,   13-21  (1984). 


fnSi(OR),  +  4nH  0  -*■   Si  (OH),  +  4nR0H 
4       2  4 

nSi(OH)  -*■   nSiO  +  2nH  0 
nSi(OR)   +  211  0  -*•  nSiO  +  4nROH 

fSi(OH),  +  riH„0-»Si(OH)  (OR),   +nROH 
4     2        n    4-n 

Si(OH)  (OR)     +  Si(OR)  -MOR).   (OH)    S)OSi(OR)  +ROH 

M  "I     11  ^  ■  '     I  I  Pi      ,  O 

2Sl(0H)n(0R)4n+H20-»'(0R)3  n(OH)nSiOSi(OH)n(OR)3n  +  2ROH 
2Si(0H)n(0R)4_n-*.(0R)4_n(0H)nlSi0Si(0H)n  1(OR)4  n+H20 

*H.  Dishlish  and  P.  Hinz,  J.  Non-Cryst.  Solids,  48,  11  (1982). 

and  *•  S.  Sakka  and  K.  Kamiya,  J.  Non-Cryst.  Solids,  48,  31  (1982). 

**B.E.  Yoldas,  J.  Non-Cryst.  Solids,  81,  38-39  (1980). 

"C.J.R.  Gonzalez-Oliver  et  al. ,  J.  Non-Cryst.   Solids,   48,   129 
(1982) . 
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APPENDIX  E. 
SIMPLIFICATION  OP  COMPONENT  MATERIAL  BALANCES 

A .   Material  Balance  Around  Reaction  Flask 

The  overall  material  balance  around  the  reaction  flask  is  given 
by  Eq.  (4)  of  Chapter  XI. 

An  "  iY  +  imout  (11-4) 

The   component   balances   are  as    follows. 

iraSi(OC2H5)4      "     PfSI(OC2H6)4  iySi(OC2H5)4   "   Xh,TEOSMSi  ((H^H^ 


(5) 


where  X,  __„  =  extent  of  Si(OC  H_).  hydrolysis 
n , TROS  2  5  4 

Rearranging  and  solving  for  X,  _,_-„  yields 

n i Thus 


(H         -  y 


h'TE0S    MSi(OC  H  1     Si<0C2H5>4    1,Si<0C2H5»4 
2  5  4 


1  Si(0C2H5)4) 


(5a) 


imB(0CH3)3  =  MB(0CH3)3    lVB(OCH3)3     Xh,TMB  MB(OCH3)3    (6) 

Rearranging  and  solving  for  X.     gives 

n ,  TMB 


'™Q/nru     l  i  ^o  /  nru     \  imn(nr>u     \     '     I  "a ) 


h'™B   MB(OCH3)3   B(0CH3>3    *  "^Vs      !  B<0CH3»3 

l*SiO„  =  Xh,TEOS  MSi(OC„H_)„  "  iySiO_  (7) 

2  2  5  4         2 


*h'™s  =  Msi,oc2„5,4  '^  +  ^V        <7a> 
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k   Xu    ™A,n™     .       "    ,Vd    n  (8) 


1      2°3        2      h'TMB   B(0CH3)3        J    B2°3 

imH20    "   \0   "    1VH20      "    (2    "   3a)    Xh,TE0SMSi(0C2H5)4 

-  y  M  (9) 

2      h.TMB    BfOCHg) 


VlMB  -  3MB(QCH3)3   H20    l'H20    1  H.,0 

"  (2  -  »)  Xh,TEOSHSi(OC2H5)4]  (93) 

l"C2H50H  =  MC2HsOH  -  iyC2H5OH  *  (*  '  3)  Xh  ,TEOSMSi  (OC^  )f    (1°> 


Xh,TEOS  "  (4  -  a^.^^   (1"C2H50H     "c^OH     l^OH* 

(10a) 
l^CHgOH  =  2  Xh,TMBMB(OCH3)3  "  iyCH30H 


"h.TMB   MiB(ocH3)3  X  CH3°H    '  CH3°H 
1-C  =  2aXh,TEOSMSi(OC2H5)4  "  1VC  (12) 


(,»„  ♦  ,yJ  (12a) 


h.TEOS   2aMs.(0(.2Hg)4  '1  C    1'C 

Equating  Eq.  (5a)  to  Eq.  (7a)  and  simplifying  gives  0 

lVSi(0C2H5)4  "  MSi(OC2H5)4  "  imSi(OC2H5)4  "  l'siO,,  "  l^SiO,,  ('3) 
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Equating  Eq.  (10a)  to  Eq.  (12a)  and  simplifying  gives 

0 

iyC2H50H  =  ll  (imC  +  lj6    ~    imC2H5OH  +  MC2H50H  (14) 

Equating  Eq.  (6a)  to  Eq .  (8a)  and  simplifying  gives 

iyB(0CH3)3  "  MB(0CH3)3   "    l""8(0CH3)3   "   2(lV3   +    fiz0* 


Equating  Eq.  (8a)  to  Eq .  (11a)  and  simplifying  gives 

0 

v  -  6(   ■  +     vZ       )    -     m 

lyCH30H  ll    B203         VB203  1    CHgOH 


(16) 


Substituting  Eqs .  (7a)  and  (11a)  into  Eq.  (9)  yields 

1VH20  =  MH20  '  imH20   "  <*  "  3a)(imS102  +  1^02» 


2(imCH  OH  +  1VCH  OH* 


(17) 


,yc-n  ,y„  „  and  ,y„  are  assumed  to  be  negligible. 

1  S!02,   1  B203     1  C 
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B.  Materia]  Balance  Around  Sample  Vial 

The  overall  material  balance  around  the  sample  vial  is  given  by 

Eq.  (18)  of  Chapter  XI. 

M    "  Y  +  M  (11-18) 

1  OUT    2     2  OUT 

Using  procedures  similar  to  those  in  Section  A.   the  component 

balances  are  as  follows. 

Vteos  =  i'smoch  L  [i'si<oc2H8>4  "  2ysKoc2H5,4 

2    5    4 

V™B    "    imB(0CH3)3    (imB*0CH3»3    "    *y8«*H3>3    "    2mB(OCH3)3»    (20) 
"*.""    =    l-8I(«aH8,4    <2"S'°2    +    ^2    '    A",' 

<™  '  7^T3 <2V3  +  $**  '  'Va' 

2"ll20  "  l"H20  "  2yH20  "  (2"3a)  YtEOS  imSl(0C2H5)4 

"  2  Xh,TMB  imB(OCH  )  (23) 

Xh'TE0S  =  (4-a)imSi(0C2H5)4  <2"C2H5°H  "  l\V"  +  2yC2H5°H)  <24) 

h-™B    "    3imB(0CH3)3  <2"C,,30H  +  2yCH3°H  "  ^S0"' 

0 
1 


i/C        1 


U».  +  ,/n  "  ."J  <26> 


■h.TEOS    2a,-sl(OC2Hs)4  "2  C   2, 

Equating  Eq.  (19)  to  Eq.  (21)  and  simplifying  gives 
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2ySi(OC2H5)4   -   j-smoc^  -  2»1S1(0C2H5)4  "  2mSiO,  ■  2^10, 

+  imSi02  (27) 

Equating  Eq.    (24)   to  Eq.    (26)   and  simplifying  yields 

0 


if    (2mC    +    t%-    l"C>    + 


1CJJH         2    C„H„0H 
2   5  2    5 


(28) 


Equating  Eq.  (20)  to  Eq.  (22)  and  simplifying  gives 
2yB(OCH3)3  =  l"B(0CH3)3  "  2mB(0CH3)3 

"  2<2V3  +  /203   -    Aa03> 

Equating  Eq.  (22)  to  Eq.  (25)  and  simpifying  yields 

2yCH30H  =  6(2mB203  +  2/B203  "  lV^'  "  2n,CH30H  *  l"cHgOH  (30) 

Substituting  Eqs.  (21)  and  (25)  into  Eq.  (23)  gives 

0 


2yH20  =  imH20  "  2\o    "  (2-3a)(2,"Si02  +  2Ysi02    ~    Ssi^ 


m     +  v/ 
2  SiO„    2/SiO„ 
2/2 


2  (2mC„Hc0H  +  2yCH„0H    l^CH^OH* 
2  5  3  o 

r,Vcr.       ,J0  r.  and  ,Vr  are  assumed  to  be  negligible. 
2'     2  3 


C.  Material  Balance  Around  Dryer  For  an  Unrinsed  Lyogel 

The  overall  material  balance  around  the  dryer  for  an  unrinsed 

lyogel  is  given  by  Eq.  (16)  of  Chapter  XI. 

M    ■  Y  +  M  (11-16) 

2  OUT    3     3  OUT  *      ' 

Using  procedures  similar  to  those  in  Section  A,   the  component 

balances  are  as  follows. 
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VlE0S    =    2"1Si,OC2H5)4    <a'S1<°W4    "    3yS1<0C2H5>4 

"    3»Si,OC2H5,4)  (32) 

V™B    "    2"B(OCH3)3    '^OCHgJg    "    ^0C^3    "    3"B(OCH3)3)     (33> 

<™    =    .■81(«a-8»4    ^    +    *«■    "    ^2 

^•™B   =    2%^    <3BB2°3    +   3V3    "    2V3'  (35> 

3°IH20    "    2mH20    "    3VH20    "    (2_3a)    Xh.TEOS    2"si(0C2Hg)4 

.   3      //  (36) 

2     h.TMB  2   B(OCH    ) 

Xh-TE0S  =  <4-»»2"si(0CH  )   ^'W"  "  2mC2H5°H  +  *\hm)    '^ 
2  5  4 

Xh,TMB  =  32«iB(0CH  j   (3mCH30H  +  3yCHg0H  "  2mCH30H) 

^•™S  "  2Vs1(oc2„5)4  C*  +  •'«  "  *»  <39> 

Equating  Eq.    (32)    to   Eq.    (34)    and   simplifying  gives 

3ySi(0C2H5)4    -    2»S1(0C    „    ,       "    s^SUOCHl       "    3™Si0o 
2    5    4  2    5    4  2 

(40) 

Equating  Eq.  (37)  to  Eq.  (39)  and  simplifying  yields 

3yC  H  OH  "  "if's-'c  +  3yC  "  2mC>  "  sVh  OH  +  2Vh  OH      (41) 
d.    o  2  5  2  5 

178 


Equating  Eq.  (33)  to  Eq.  (35)  and  simplifying  gives 

3yB>0CH3»3  =  2mB(0CH3)3  "  3",B(0CH3)3  "  "A^,' 

(42) 
"  2'3»B2„3  '  2\03' 

Equating  Eq.  (35)  to  Eq.  (38)  and  simplifying  yields 

3yCH30H  "  6(3mB203  +  3yB203  "  2**^    '  s'cHgOH  +  ZUC^W    (43» 

Substituting  Eqs.  (34)  and  (38)  into  Eq.  (36)  gives 

3yH20   "   2mH20   "   3mH20      ^^  VsiO,,   +   3ySi02   *  2*310^ 

+  -f  m       +v       -m      )  (44) 

2l3  CHgOH    3yCH30H    2  CHgOH' 


D.  Material  Balance  Around  Rinsing  Tank 

The  overall  material  balance  around  the  rinsing  tank  is  given  by 

Eq.  (22)  of  Chapter  XI. 

H     +   M    =   M     +   M  (11-22) 

2  OUT    2  IN    4  OUT    5  OUT 

The  component  balances  are  as  follows.   It  has  been  assumed  that 

all  Si(OC  H  )  ,  B(OCH„)„,  ChVOH  and  C„H  OH  have  been  rinsed  out  of  the 
254        33     3         25 

lyogel  at  the  completion  of  the  rinsing  process. 

4mSi(0C2H5)4  =  °  =  2mSi(°C2H5)4  "  sV  (OC^ 

-  fl"  ■  (45) 

h.TEOS  2  Si(OC2H5)4 

Rearranging  and  solving  for  X  _,_„_  gives 

n ,  i  r.UJ> 


17') 


///  5  Si(OC  H  ) 

•/.'"  -  1 S_2_S  (45a) 

h'TE0S        2mSi(0C2H5)4 

4"B(0CH3)3  =  °  =  2mB(0CH3)3  "  5mB(0CH3)3 

"  YtMB  2MB(0CH3)3  (46' 


///          5  B<0CH3>3 
\L„    "  1  "  T —  (46a) 


2"'B(0CH3)3 


^•™S  =  Z"si<OC,H,U  <4mS1°2  +  ^  '  ^V         U7) 


4mH20  =  2mH20  "  5BH20  "  ( 2_3a)Xh ,TEOS  2mSi(OC2H5)4 

-  3  ///  . 

2Xh,TMB  2mB(0CH3)3  +  ZH,,0  l4M) 

^TEOS  ■  (4-a)^  «5"C2H50H  "  ^OIl' 

2  5  4 

^•™B  =  VB,OCH3)3  ,5mCH3°H  "  ^V"' 
^S    "  -2»Si(L2„5,4  ^  +  »"°  ■  «*' 


Equating  Eq.  (45a)  to  Eq .  (47)  and  simplifying  gives 

5mSi(OC2H5)4  "  2"si(OC2H5)4  "  4mSi02  "  5mSi02  +  2mSiO,, 

Equating  Eq .  (50)  to  Eq .  (52)  and  simplifying  yields 

1811 


(53) 


5mC2H50H  =  "2f(4mC  +  5mC  ~  2n,C)  +  2mC2H50H  (54) 
Equating  Eq .  (46a)  to  Eq .  (48)  and  simplifying  givs 

5mB(OCH3)3  *  2mB(OCH3)3  "  2(4Y,03  +  5^  <    2%^  < 5S  > 
Equating  Eq.  (48)  to  Eq.  (51)  and  simplifying  yields 

5mCH .OH  =  6,4"B,0,  +  5mB  0   +  i\o    '  +  2mCH  OH  (56) 

o  do  do  .-■   o  3 

Substituting  Eqs.  (47)  and  (51)  into  Eq.  (49)  gives 
5mH20  "  2mH20  "  4mH20  "  ( Z~3a) <4mSi02  +  B^SiOj,' 

+  <2  "  3a)(2",Si02)  -  5(5mCH30H  "  2mCH30H'  +  \o    (57) 

E .  Material  Balance  Around  Dryer  For  a  Rinsed  Lyogel 

The  overall  material  balance  around  the  dryer  for  a  rinsed  lyogel 
is  given  by  Eq.  (28)  of  Chapter  XI. 

4M0UT  *  4Y  +  6M0UT  I11"28) 

The  chemical  reactions  are  taken  to  be  the  following. 

sl02-2a  +  (4-a)C2Hg0H  ♦  2aC(s)  %  Si(OC2H5)4  ^    (2-3a)H  0   (10-la) 

B2°3  +  6CH30H  *  *B'0CHS>a  +  3H2°  (10-lb) 

The  component  balances  are  as  follows. 

6mSi(0C2H5)4  =  XS102  4mSi02  "  4ySi(0C2H5)4  ,58) 

6BB<0CHg)g  *  2XB203  4mB203  "  4*8(00^).,  <59> 
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B  0 

2  3   Vbo, 

2  3 


(6mB(0CH3)3  +  4yB(OCH3)3' 


(59a) 


6mSi02  =  4mSi02  "  4ySi02  "  XS102  4mSi02 


(60) 


Xsi°2  =  4™SiO„  '4n,Si°2  "  4VS1°2  "  6"'Si02) 


(60a) 


(61) 


ca 


=mQ  n  ) 


B2°3    4mB203   4  B2°3    4  B2°3    6  B2°3 


(61a) 


\o    "    t\0    -    4yH20    +    (2-3a)XSi02    4mSi02    +    3XBo0,    4BB,0,    " 


6mC   HOT    "    (4"8)    XSi0o    4"si0,    "    4VC    H    OH 

2  5  ^       £•  c  O 


2  3     2  3 

(63) 


XSi02  "  <4-a>4.      (6"C2H50H  +  4yC2H50H» 


(63a) 


(64) 


(„■- 


32°3    64mB203   6  CH3°"    4  CH3°H 


(64a) 


6mC  =  4mC  '    4VC  "  2aXSi02  4mS102 


(65) 


»_) 


Si0„       2aam0.„      l4  C       4*C        6  C 
2  4    SlO 


(65a) 


Equating  Eq.    (58a)    to  Eq.    (60a)    and   simplifying  gives 


4ySi(0C2Hg)4        4l"si02         4YSi02         6l"si02         eV  (Ol^Hg  >4 


(66) 


Equating  Eq .  (63a)  to  Eq .  (65a)  and  simplifying  yields 
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4VC,H .OH    "   "ifVc    "    4yC    "    eV    _    6mC    H    OH  (67) 

c    5  2    5 

Equating  Eq.  (59a)  to  Eq.  (61a)  and  simplifying  gives 

4yB(0CH3)3  =  2<4mB203  "  4yB203  "  f^oj    '    ^(OCHgJg     (68) 

Equating  Eq.  (61a)  to  Eq.  (64a)  and  simplifying  yields 

4yCH3OH  "  6(4"'B203  ~  4yB203  "  6^,0, J  "  e"CB,Oi  <69) 

Substituting  Eqs .  (60a)  and  (64a)  into  Eq.  (62)  gives 
4yH20  '  4mH20  "  6mH20  +  (2+3a) <4mSi02  "  4ySi02> 

"  (2  f  3a,6mSi02  +  l<e"cH30H  +  4yCH3OH'         (70) 

F.   Material  Balance  Around  Swelling  Solution  Tank 

The  overall  material  balance  around  the  swelling  solution  tank  is 
given  by  Eq.  (34)  of  Chapter  XI. 

4M0UT  +  4MIN  =  7M0UT  +  8MOUT  (11-34) 
The  chemical  reactions  are  taken  to  be  the  following. 

sl02_2a  +  (4-a)C2H50H  +  2aC(s)  %  Si(OC2H5)4  t  (2-3a)H20  (10-la) 

B203  +  6CH30H  H   2B(OCH3)3  +  31^0  (10-lb) 

The  component  balances  are  as  follows.   It  has  been  assumed  that 
all  S1(0C2H5)4,  B(0CH3)3,  CHgOH  and  C^C-H  have  been  removed  from  the 

lyogel  by  the  swelling  solution. 

/ 

Xsio2  ~~  7^2  y^2hu +  ^^w^  <71) 

0 
"U    '    Vb^7    <8^H3)3    +    7™B,0C«3,'  ««) 
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XSiO„    =   ~i!r~    (4BSiO,    "    7mSiO„    ■    s'siO    > 
2        4    SlO„  2  2  2 


(73) 


B2°3    4mB n 
2  3 


(4V3  "  7\°3  "  •"•a0,1 


(74) 


Vo  =  4mH  0  "  7V0  +  (2-3a)XSiO„  4mSiO.  +  3*B  n 


H2° 


Si02    (4-a)^.^  yC2H50H    7  CaH80fl' 


2  3     2  3 

(75) 

(76) 


3  0     6  m 
2  3     4  B203 


(87CH30H  +  7™CH  OH' 


(77) 


(78) 


Equating  Eq.  (71)  to  Eq.  (73)  and  simplifying  gives 


7"'Si(0C2Hs)4    4"'Si02    7"'Si02   8"SiO,, 


(79) 


Equating  Eq.  (76)  to  Eq.  (78)  and  simplifying  yields 
7mC2H50H  =  "S(4"C  "  7mC  "  bV 


(80) 


Equating  Eq.    (72)    to  Eq.    (74)    and   simplifying  gives 


7"B,0C„3,3    '   2VB203    "   ?V3   _   *\03 


(81) 


Equating  Eq.  (74)  to  Eq .  (77)  and  simplifying  yields 


7    CH   OH 


3<4V3    "    7\°3    "    8\°3 


(82) 


Substituting  Eqs .  (73)  and  (77)  into  Eq.  (75)  gives 
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'V  VV  "  8V  +  ,2t3a),*"-°2  -  TMsl02,-(i!  +  3a,,«m-o2' 


(83) 


7  CI     CI    8  CI 


(84) 
(85) 


G.  Material  Balance  Around  Uryer  For  a  Swelled  Lyogel 

The  overall  material  balance  around  the  dryer  for  a  swelled 
lyogel  is  given  by  Eq.  (42)  of  Chapter  XI. 

8M0UT  *  5Y  +  9M0UT  (11-42» 

The  chemical  reactions  are  taken  to  be  the  following. 
Si°2-2a  +  (4_a»C2H5OH  +  2aC(s)  *»  S1<0C2H5>4  +  (2-3a)H20   (10-la) 
B203  +  6CH30H  %  2B(0CH3)3  +  31^0  (10-lb) 

The  component  balances  are  as  follows. 

""°t  "  8%c"  (9mSi'0C2H5»4  ^  ^"Wj  <86> 

\°3      Vb^    (9"B(°CH3»3    +    5yB«0CH3»3 

X^°2    =    8^    (»"«02    '    ■'•«,    "    ^SiO,'  <««> 

"V.    =   ^'Vs    "    5yB2°3    -»\°3  <89) 

9%0    "    aVo    S\0    +    '^^SiCK    8"siOp    *    3    Xb'<,      8"B,0,    « 9°  > 

»  4  £.  £.  C  C     -i  d     O 
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XSi02  ■  (4-aVs.0   (9mC2H50H  +  5yC2H50H' 


XBo0o  =  6m   "   (9mCH„0H  +  5VCH  OH1  (92) 

2  3    8  BO       3         3 

XSiO,  "  idr—  <8mC  "  5yC  "  9mC»  (93) 

2      8  SlO 

Equating  Eq.  (86)  to  Eq.  (88)  and  simplifying  gives 

5ySi(OC2H,.)4  '  8"*Si02  "  5YSi02  "  9*SiO.,  "  g^Si  (OC^J^j    (94) 

Equating  Eq.  (91)  to  Eq.  (93)  and  simplifying  yields 

5yC2H50H  =  "if  (8mC  "  5VC  ~  (jV  "  9mC2H50H  (95) 

Equating  Eq.  (87)  to  Eq.  (89)  and  simplifying  gives 

5yB(0CH3)3  ■  2(8mB203  "  5yB203  "  9^0.,  >  '  9mB(0CH3)3  (96) 
Equating  Eq.  (89)  to  Eq .  (92)  and  simplifing  yields 

5yCH3OH  "  6(8mB203  "  5yB203  '  9**^    "  9"cHgOH  (971 

Substituting  Eqs.  (88)  and  (92)  into  Eq.  (90)  gives 

5yH20  "  8mH20  -  9mH20  +  ( 2"3a » ( S^iO.,  "  5YSi02  "  9mSi02» 

+  5(9mCH30H  +  SyCH30H)  (98) 

(99) 


9ncr  *  8mcr  <100> 

It  has  been  assumed  the  Na  and  CI  does  not  vaporize  at  110°C. 
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Abstract 

An  Instrumental  Neutron  Activation  Analysis  (INAA) 
technique  was  developed  to  determine  the  composition  of 
borosilicate  lyogels  and  the  composition  of  borosilicate 
lyogels  swelled  in  NaCl  solution.  The  composition  of 
residue  formed  around  the  tops  of  sealed  sample  vials  during 
gelation  was  determined  by  INAA  and  found  to  be  99  percent 
boron  containing  species.  INAA  results  showed  that  final 
lyogel  compositions  have  significantly  less  boron  than  the 
as-batched  lyogel  composition.  B/Si  cation  ratios  were 
determined  for  several  stages.  After  gelation  and  drying 
they  ranged  from  0.0  to  0.54,  after  rinsing  and  drying  (0.0 
to  0.92),  and  after  rinsing,  swelling  and  drying  (0.0  to 
0.37).  All  these  are  much  smaller  than  the  as-batched  B/Si 
cation  ratio . 

The  chemistry  associated  with  synthesis  and  swelling 

of  borosilicate   lyogels   is  discussed  as  well  as   the 

chemistry   associated   with  co-precipitation  and   lyogel 

formation.   A  lyogel  was  formed  above  a  co-precipitate,   and 

these  were  analyzed  by  INAA.   The  lyogel  was  found  to  be 

SiOrt  and  the  precipitate  was  found  to  be  SiO  -3. 2B„0„ . 
2         F    *  2     2  3 

Material   balances  for  the  entire  synthetic  process 

have  been  derived.    Experiments,    including   suggested 

analytical   techniques,   to  obtain  a  closed  material  balance 

are  proposed. 


